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ABSTRACT
Maize (Zea mays L.) is susceptible to Aspergillus flavus infection and subsequent
contamination with aflatoxins, the most potent naturally produced carcinogenic secondary
metabolites. Here, the A. flavus gene aflM encoding the versicolorin dehydrogenase in aflatoxin
biosynthesis and the p2c gene encoding the polygalacturonase that is involved in infection were
selected as targets for suppression through host induced gene silencing (HIGS). A HIGS vector
targeting these genes was constructed and introduced into immature B104 maize embryos.
Thirteen out of fifteen p2c transformation events and six out of seven aflM events were
confirmed positive by PCR. Kernels containing the p2c gene from four out of seven events
examined from T1 generation and six events out of eleven events from T2 generation examined
had less aflatoxin than those without the transgene. Field-inoculated homozygous T3 and T4
generation kernels from four events also revealed significantly lower aflatoxins (p>0.02) than
the kernels from the null or B104 controls. Transferring the p2c gene to elite background also
resulted in crosses with significantly less aflatoxin production (p>0.02) compared to the controls.
For aflM transgenic lines, kernels containing the aflM gene from one (aflM14) out four events
examined in T1 generation and from two events (aflM14 and aflM16) out of four examined had
less aflatoxin (p≤0.01 and p≤0.08) than those without the transgene than those without the
transgene. Homozygous T3 and T4 transgenic kernels of aflM14 and aflM16 showed
significantly less aflatoxin production than kernels from the null or B104 controls under both
field inoculation and laboratory kernel screening assay conditions. Transferring aflM from these
events into four elite inbred lines resulted in F1 crosses with significantly less aflatoxins
(p≤0.02) than the controls. P2c13, P2c17, aflM14 and aflM16 were confirmed to contain a single
copy insertion of the transgene according to droplet digital PCR analysis. The enhanced

xii

aflatoxin resistance in homozygous transgenic lines is associated with high levels of gene
specific small RNAs detected in the transgenic leaf and kernel tissues, indicating that it is
possible to manage aflatoxin contamination in maize through HIGS targeting p2c or aflM.

xiii

CHAPTER 1: INTRODUCTION
1.1 Justification
Aflatoxins are produced mainly by the fungus Aspergillus flavus and contaminate maize
(Zea mays L.) frequently under natural conditions. Aflatoxins were first recognized as a major
problem for maize production in the southeastern United States in the 1970s. In 1977, over 90%
of maize samples evaluated in Georgia were contaminated with aflatoxins with levels exceeding
20 ng/g (McMillian et al., 1978; Zuber and Lillehoj, 1979). Aflatoxin contamination remains a
serious threat to the marketability of maize grown in the Southern U.S. and to the public heath of
people in developing countries. Consumption of maize products highly contaminated with
aflatoxins in Kenya in 2004 resulted in aflatoxicosis and death of over a hundred people (Richard,
2008). Currently there are no effective control measures that can completely eliminate aflatoxin
contamination in maize and other susceptible crops, such as cotton, peanuts and tree-nuts. Use of
chemicals to control A. flavus infection and subsequent aflatoxin contamination has been
ineffective (Jalali and Avagyan, 2016). Biocontrol seems promising in reducing aflatoxin
contamination and can often reduce aflatoxin levels by 90% if it is used properly. However,
biocontrol increases production cost and its efficacy varies depending on moisture and timing of
application (Moore et al., 2011). Elite lines developed through conventional breeding are
susceptible to aflatoxin contamination although their yields have improved greatly. Transferring
polygenic resistance currently available in maize into elite breeding lines has been met with
limited success due to yield drag and incomplete resistance. Transgenic modification to improve
aflatoxin resistance offers an attractive alternative to the breeding efforts. Here, we propose to
develop transgenic maize that can reduce A. flavus infection or aflatoxin production through a
new technique known as Host Induced Gene Silencing (HIGS). HIGS is achieved via expression
1

of double-stranded (ds) RNAs of pathogen-origin in plants through transient or stable
transformation protocols using RNAi vectors (Wesley et al., 2001). This type of posttranscriptional gene silencing (PTGS) is mediated by 21–24 nt dsRNA molecules known as small
interfering RNAs (siRNAs) produced by an endonuclease called Dicer. The siRNA can travel into
the pathogen during infection of host plants and bind to its target gene, leading to the cleavage of
its corresponding mRNA into 20-25 nt in size, which results in suppression of pathogen growth
and disease development (Großhans and Filipowicz, 2008). Control of plant diseases through
HIGS approach has been successfully demonstrated in several recent studies (Nowara et al., 2010;
Tinoco et al., 2010; Yin et al., 2010; Koch et al., 2013; Masanga et al., 2015; Machado et al.,
2018). These biotechnological breakthroughs have opened up a new platform for developing
disease resistant crops.
At the onset of this project in 2012, no such attempts have been made to reduce aflatoxin
contamination through HIGS. Therefore, we rationalized that such a strategy could also be a new
tool for developing aflatoxin resistant maize. In our approach, two RNAi vectors targeting each of
the two A. flavus genes were constructed and transformed to maize. Two of the A. flavus genes
used in the RNAi vectors are the gene p2c that encodes the endopolygalacturonase (P2c) (A.
flavus gene accession number U05015) and the gene aflM that encodes versicolorin
dehydrogenase (Ver-1) (A. flavus gene accession number XM_002379900). P2c is involved in
fungal growth and colonization of susceptible crops by A. flavus; Ver-1 is involved in aflatoxin
biosynthesis. The constructs would produce dsRNAs after being transcribed, which should lead to
formation of siRNAs after being processed by host Dicer complex. These siRNAs have no
matching targets in the absence of pathogen, and can travel from transgenic maize into A. flavus
leading to the suppression of target gene expression when it infects the host. Thus, our approach
2

of employing toxic information (siRNA of pathogen origin) rather than toxic chemicals has the
potential to provide a safer, more effective, and long-lasting control of A. flavus infection and
aflatoxin contamination.
1.2 Objectives
The overall goal of this dissertation research was to determine whether suppression of A.
flavus genes involved in colonization or aflatoxin biosynthesis through host-induced gene
silencing can be used to mitigate aflatoxin contamination in maize. The detailed proposed
research includes constructing Ti vectors that are capable of producing hairpin RNA of A. flavus
genes, transforming them into maize, developing homozygous transgenic plants, and
characterizing these transgenic maize materials (seedlings and mature seeds) to determine the
efficacy of each of these constructs in reducing aflatoxin contamination in maize.
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CHAPTER 2: LITERATURE REVIEW
2.1 Information on Aspergillus species
2.1.1 Classification
Aspergillus spp. belong to Ascomycota phylum, Eurotiomycetes class, Eurotiales order,
and Trichomaceae family. Species are differentiated by morphological characteristics and color.
Microscopical structures called sclerotia can be identified in A. flavus and are of key importance
in their identification (Anaissie et al., 2009). A. flavus was first described by Link in 1809 (Raper
and Fennell, 1965; Samson et al., 2004) and has been known as an asexual species that produces
only asexual spores, conidia, and the overwintering asexual fruiting bodies, sclerotia. Recently,
the sexual stage of A. flavus has been reported and classified as Petromyces flavus (Horn et al.,
2009). In addition to A. flavus, the sexual stage of its close relative, A. parasiticus, has also been
reported and classified as P. parasiticus (Horn et al., 2009).
2.1.2 Disease cycle and epidemiology
A. flavus, a saprophyte, has been found in agricultural areas, most commonly, on maize
(ear rot), cotton, tree nuts, and peanuts (yellow mold) in temperate and tropical regions. A. flavus
possesses the characteristics of necrotrophic fungal pathogens (Kelley et al., 2012), infects plants
both in the field (pre-harvest) and after harvest, and produces the hepatotoxic and carcinogenic
aflatoxins in susceptible crops. Conidia, which serve as a primary inoculum of A. flavus, are
typically produced from conidiophores that were developed from overwintered sclerotia that
survive in the soil or debris following crop harvest in the previous season (Wicklow et al., 1984).
These conidia can be carried to maize plants by several means including wind or insects such as
maize weevils (Sitophilus zeamais Motschulsky) (McMillian et al., 1980; Diener et al., 1987).
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2.2 Mycotoxins and aflatoxins
Mycotoxins are a group of small diverse organic molecules produced as secondary
metabolites by microfungi, including aflatoxins, Fusarium toxins (fumonisins, trichothecenes, and
zearalenone), ochratoxins, citrinin, ergot alkaloids, and patulin (Bennett and Klich, 2003). Among
them, aflatoxins are the most toxic secondary metabolites. Aflatoxins are polyketide-derived
furanocoumarins mainly produced as byproducts of the secondary metabolic processes by A.
flavus and A. parasiticus (Bennett and Klich, 2003; Chanda et al., 2009). There are six structural
variations of aflatoxins including AFB1, AFB2, AFG1, AFG2, AFM1, and AFM2. Only aflatoxins
AFB1 and AFB2 are produced naturally by A. flavus, and these B aflatoxins account for 90% of
the observed aflatoxins in samples collected from naturally infected maize (Diener et al., 1987).
Both AFB1-2 and AFG1-2 are produced through a common biosynthetic pathway with the diversion
into either class occurring later in the process (Cleveland et al., 2004).
2.2.1 Aflatoxin biosynthetic pathway and the corresponding genes
Aflatoxin biosynthesis is a complex process, involving a cluster of as many as 30 genes in
an approximately 75-kb region of the fungal genome on chromosome 3, roughly about 80 kb
away from the telomere (Yu et al., 2004). The first step in aflatoxin biosynthesis is the conversion
of acetate to norsolorinic acid (NOR). Two fatty acid synthases (FAS) and a polyketide synthase
(NR-Pks, PksA) are involved in the synthesis of the polyketide from a hexanoyl starter unit and
its conversion to norsolorinic acid anthrone (NAA). Noranthrone oxidase, which is encoded by
hypC, has been reported to catalyze the oxidation of NAA to NOR (Ehrlich, 2009). The
conversion of norsolorinic acid (NOR) to averantin (AVN) is accomplished by the ketoreductase
encoded by aflD (nor-1) gene (Trail et al., 1994). A P-450 monooxygenase encoded by ord-1
(aflG, avnA) gene is involved in the conversion of AVN to 5’hydroxyaverantin (HAVN)
(McCormick et al., 1987). 5’Hydroxyverantin (HAVN) is then converted to oxoaverantin
5

(OAVN) and averufin (AVF) by an alcohol dehydrogenase encoded by aflH (adhA) gene with
possible involvement of other enzymes in the conversion from OAVN to AVF (Ehrlich et al.,
2010). Conversion of averufin (AVF) to versiconal hemiacetal acetate (VHA) is facilitated by a
cytochrome P450 monooxidase encoded by CypZ and the gene production of aflI (avfA) with an
unknown function (Yu et al., 2000). VHA to versiconal (VHOH, VAL) is catalyzed by an esterase
encoded by aflJ (estA) (Chang et al., 2004) and then to versicolorin B (VER B) by a cyclase
(versicolorin B synthase) encoded by aflK (vbs) (McGuire et al., 1996). From this point on, the
aflatoxin biosynthetic pathway diverges: one leading to the production of aflatoxin B2 and G2 and
the other leading to the production of B1 and G1. A cytochrome P-450 monooxygenase encoded
by aflL (verB) is involved in the conversion of VER B to VER A (Versicolorin A), which is then
converted to DMST (demethydihyrosterigmatocystin) by a ketoreductase encoded by aflM (ver-1)
(Skory et al., 1992). The ver-1 (aflM), which was first cloned in A. parasiticus (Skory et al.,
1992), is one of the highly expressed aflatoxin biosynthesis pathway genes and is involved in
early step of aflatoxin B1 synthesis after branching (Yu et al., 2004) and its function was
demonstrated through complementation of a ver-1 mutant. Ver-1 is selected as one of the targets
for suppression by HIGS. DMST is converted to ST (sterigmatocystin) by O-methyltransferase I
encoded by aflO (omtB) (Yabe et al., 1998). ST is then converted to OMST (Omethylsterigmatocystin) by a second O-methyltransferase encoded by aflP (omtA) (Yabe et al.,
1989; Bhatnagar et al., 1991; Keller et al., 1993; Yu et al., 1993). OMST is finally converted to
AFB1 (aflatoxin B1) by a P-450 monooxygenase encoded by aflQ (Prieto and Woloshuk, 1997)
The conversion from VER B to dihydrosterigmatocystin (DHST) and dihydro-Omethylsterigmatocystin (DHOMST) were catalyzed by the O-methyltransferase II and P450
monooxygenase, which leads to the production of AFB2 and AFG2 (Figure 2.1).

6
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2.2.2 Regulation of aflatoxin biosynthesis pathway genes
Several other regulatory genes have also been found to play a critical role in aflatoxin
biosynthesis, including aflR and aflJ (aflS), which are involved in transcription activation by
encoding a sequence-specific zinc binuclear DNA-binding protein and in the regulation of
transcription, respectively (Chang et al., 1993; Chang, 2003). Payne et al. (1993) reported that
aflR (afl-2) regulated the other genes in the aflatoxin biosynthesis pathway. Flaherty and Payne
(1997) showed higher transcription accumulation of the pathway genes and increasing aflatoxin
accumulation due to the overexpression of aflR in A. flavus. Cary et al. (2000) demonstrated that
knockout of aflR gene in A. parasiticus resulted in no expression of other pathway genes such as
ver1 and omtA. By comparing aflR-deleted and wild type A. parasiticus, via transcription
profiling, Price et al. (2006) found 23 upregulated genes in the wild type. The aflJ gene is
divergently transcribed from aflR (Chang et al., 2007). Deleting aflJ inhibits the ability of A.
flavus to produce aflatoxins and to convert exogenously added pathway intermediates norsolorinic
acid, sterigmatocystin, and O-methylsterigmatocystin to aflatoxin (Meyers et al., 1998). This
disruption does not affect transcription of pksA, nor-1, ver-1, and omtA under conditions
conducive to aflatoxin biosynthesis. In addition, Ehrlich and Cotty (2002) showed that aflJ and
aflR share a common intergenic region and aflJ transcription is regulated by areA, the global
transcription factor for nitrate utilization. Chang (2003) showed an increasing level of aflatoxin
and precursor metabolites due to the presence of an additional copy of aflJ in an A. parasiticus
transformant. A recent study by Musungu et al. (2016) reported that aflS was related to
monitoring host reactive oxygen species (ROS) levels in Z. mays.

7

Figure 2.1. Schematic diagram of aflatoxin biosynthetic pathway (adopted from (Yu et al., 2004;
Cleveland et al., 2009)). The new gene names are given on the left and the old gene names are
given on the right. Arrows in the pathway scheme indicate the connections from the genes to the
enzymes they encode, from the enzymes to the bioconversion steps they are involved in and from
the intermediates to the products in the aflatoxin bioconversion steps. Abbreviations: NOR,
norsolorinic acid; AVN, averantin; HAVN, 5′-hydroxy-averantin; OAVN, oxoaverantin; AVNN,
averufanin; AVF, averufin; VHA, versiconal hemiacetal acetate; VAL (VHOH), versiconal;
VERB, versicolorin B; VERA, versicolorin A; DMST, demethylsterigmatocystin; DHDMST,
dihydrodemethylsterigmatocystin; ST, sterigmatocystin; DHST, dihydrosterigmatocystin; OMST,
O-methylsterigmatocystin; DHOMST, dihydro-O-methylsterigmatocystin; AFB1, aflatoxin B1;
AFB2, aflatoxin B2; AFG1, aflatoxin G1; and AFG2, aflatoxin G2 (Yu et al., 2004; Cleveland et al.,
2009).
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2.2.3 Factors affecting aflatoxin production
The regulation of aflatoxin biosynthesis is complex and influenced by a number of
environmental conditions, such as nutrients (carbon and nitrogen source), temperature, pH as well
as other stress factors and insect damage.
2.2.3.1 Nutritional factors
Carbon and nitrogen have long been known to affect aflatoxin biosynthesis. The
relationship of carbon source and aflatoxin formation has been well established. Glucose, sucrose,
fructose, and maltose promote aflatoxin production, but peptone, sorbose, or lactose do not
(Buchanan and Lewis, 1984; Payne and Brown, 1998). Nitrogen sources, such as asparagine,
aspartate, alanine, ammonium nitrate, ammonium nitrite, ammonium sulfate, glutamate,
glutamine, and proline, promote aflatoxin formation (Davis et al., 1967; Reddy et al., 1979).
2.2.3.2 Environmental factors
Aflatoxins are produced at temperature of 28 °C to 30 °C (OBrian et al., 2007). When
temperature reaches 37 °C, aflatoxin production is almost completely inhibited. Genome wide
gene profiling using microarray and RT-PCR (OBrian et al., 2007) indicated that high
temperature is associated with a decrease in the expression of the aflatoxin pathway genes. RTPCR detected ample amount of transcripts of both regulatory genes aflR and aflS (aflJ) in both
low (28 °C) and high temperature (37 °C) (OBrian et al., 2007).
2.2.3.3 pH factors
Aflatoxin biosynthesis is inhibited in alkaline media, but aflatoxin formation is enhanced
in acidic media (Cotty, 1988). Keller et al. (1997) demonstrated that the stcU gene in A. nidulans
and ver-1 gene in A. parasiticus were affected by pH of liquid media, stcU and ver-1 mRNA were
highly expressed in acidic media (pH 4 to 6) compared with neutral (pH 7) and alkaline media
9

(pH 8). The production of aflatoxin (AF), sterigmatocystin (ST) and norsolorinic acid (NOR)
were increased 5-10 times in acidic media (pH 4 to 6) when compared to alkaline media (pH 8).
2.2.3.4 Developmental factors
Sporulation and sclerotial formation are related to aflatoxin production (Hicks et al., 1997;
Calvo et al., 2002; Chang et al., 2002). Spore formation and secondary metabolite formation
occur at about the same time. Sporulation and secondary metabolite formation happen at about the
same time (Kale et al., 1996). If spore formation is interrupted, aflatoxin production is inhibited.
Specifically, mutants which are unable to sporulate do not produce aflatoxin and some
compounds that impede sporulation will reduce aflatoxin production (Reiß, 1982). However,
sporulating A. flavus does not always produce aflatoxins, such as all the atoxigenic biocontrol A.
flavus strains that are currently in use (Dorner et al., 2003; Cotty et al., 2007). Sequential subculturing results in lowered aflatoxin production, which is also accompanied with a change in the
spore’s appearance (Torres et al., 1980).
2.2.3.5 Other stress factors
The successful colonization of maize tissues by A. flavus along with significant aflatoxin
accumulation generally occurs during stress conditions, particularly drought and heat stress
conditions. This contributes to A. flavus being classified as an opportunistic pathogen (Payne,
1998; Guo et al., 2008). Specifically, drought stress conditions have been shown to negatively
affect the expression of host resistance related genes possibly resulting in reduced accumulation
of these proteins in mature maize kernels (Scully et al., 2009; Fountain, 2010).
2.2.3.6 Insect damage
Widstrom et al. (1975) stated that the presence of insects in maize ears, bagged or
unbagged, contributed to aflatoxin production, but the effectiveness of these environments varied
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with insect species. For instance, the ears infested with European maize borer species showed the
highest level of aflatoxin B1. Widstrom (1979) also explained that because some insect species
play an integral part with fungi in the infection of agricultural products, it has been suggested that
toxic wastes produced by these fungi should be utilized as an insecticide. It is believed that
decomposition of plant tissue by insects allows for easier infestation by A. flavus resulting in high
production of aflatoxins. Barry et al. (1985) claimed that of the two insect species, the maize
weevil, Sitophilus zeamais (Motschulsky), and the wheat curl mite, Eriophyes tulipae (Kifer),
only the maize weevil was measured to act as a vector of A. flavus pathogen. Experiments
conducted to observe the relationship between husk tightness and preharvest aflatoxin
contamination, Barry et al. (1986) observed that loose-husked hybrids had significantly more
preharvest aflatoxin contamination than tight-husked hybrids. Beti et al. (1995) showed that
maize weevils (Sitophilus zeamais) can disseminate A. flavus in grain storage resulting in
increased aflatoxin production. Alakonya and Monda (2013) stated that controlling insects can
reduce the routes of A. flavus infection.
2.3 Health impact of aflatoxins on human and animals.
Aflatoxin AFB1 is the most potent and toxic naturally occurring carcinogen known to
humans and animals. The carcinogenic effect refers to its cancer causing ability arising from longterm exposure to aflatoxin B1. The first documentation of the toxic effect of aflatoxin was in the
early 1960s when thousands of turkeys died in the United Kingdom after being fed with A. flavus
contaminated peanut (Van Der Zijden et al., 1962; Wogan, 1966). Later on, it was found that
aflatoxin was the culprit of the now-called ‘Turkey X’ disease. In humans, chronic toxicity due to
long time exposure to low levels of aflatoxins results in malnutrition, hepatic lesions, stunted
growth, immune suppression, and possible liver cancer development (Liang et al., 1997; Yu et al.,
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2000; Amaike and Keller, 2011). Consumption of high level of aflatoxin contaminated food or
feed could also lead to acute aflatoxicosis (direct liver damage and subsequent illness) or death
(Shephard, 2008), such as the incident in Kenya in 2004 where more than 125 died due to
consumption of aflatoxin contaminated maize (Williams et al., 2004).
Besides the liver, aflatoxin B1 also affects the kidney, colon, lungs and the entire
respiratory system (Kelly et al., 1997). Studies in animals find that the by-product of AFB1 during
detoxification by a cytochrome P450 monooxygenase in liver is modified into a more toxic and
carcinogenic compound (Eaton and Gallagher, 1994). Hepatocellular carcinoma (HCC), a primary
liver cancer, is associated with aflatoxin B1 exposure in African and Asian countries (Amaike and
Keller, 2011). Besides A. flavus, at least 20 other species of Aspergillus have been reported to
cause diseases to humans and animals (Krishnan et al., 2009), which is termed as Aspergillosis,
including allergic (extrinsic asthma, extrinsic allergic, and allergic bronchopulmonary
aspergillosis), saprophytic colonizing (pulmonary, extrapulmonary), and invasive (pulmonary and
extrapulmonary) (Ehrlich et al., 2010).
Due to the toxic and carcinogenic effect of aflatoxins to humans and animals, many
countries have established strict regulation on the permissible levels of aflatoxin in food and feed,
such as in the U.S. Food and Drug Administration (FDA), which has set a limit of contamination
by aflatoxin to not exceed 20 parts per billion (ppb). When crops are contaminated with aflatoxins
higher than the levels allowed, farmers cannot sell their crops across the state lines, which can
cause significant economic losses. In 1998, maize produced in the southeastern United State was
heavily contaminated with aflatoxins, which led to rejection rate of up to 50% and also in 20062007 in Missouri, elevators refused to buy maize due to the high levels of aflatoxin contamination
(Windham, 1999; Windham et al., 1999). Annual losses caused by aflatoxins in the U.S. have
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been estimated to be around $225 million and the mitigation costs were $20-30 million (Schmale
and Munkvold, 2014).
2.4 Efforts in understanding host resistance mechanisms
Recent studies have also focused on identifying and characterizing factors associated with
host aflatoxin resistance. For example, proteins from kernel and rachis have been found to play an
important role in maize resistance to A. flavus infection and/or aflatoxin contamination (Brown et
al., 1995; Guo et al., 1997; Huang et al., 1997; Chen et al., 1998; Ji et al., 2000; Gao et al., 2007),
especially the constitutively expressed proteins as a first layer of defense (Chen et al., 2010).
Pechanova et al. (2011) and Chen et al. (2006) reported that resistant maize lines accumulate high
levels of superoxide dismutase, peroxidases, and chaperonins in rachis tissues and high levels of
the 14 kDa trypsin inhibitor (TI) protein and pathogenesis-related protein 10 (PR10) in kernel
endosperm tissues (Chen et al., 1998). Fountain et al. (2010) reported that the 14 kDa TI gene was
highly expressed in kernel tissues of resistant maize lines compared to susceptible lines when
infected by A. flavus under drought stress conditions. In addition, several WRKY genes have been
indicated to regulate host resistance to fungal pathogens (Zheng et al., 2006; Dang et al., 2013).
Recently, six WRKY genes were selected based on previous microarray studies that showed
differential expression between resistant and susceptible maize lines (Luo et al., 2011). Their
expression in resistant and susceptible maize lines under field conditions was analyzed and it was
found that one of the WRKY genes (WRKY53.1) expressed consistently at a significantly higher
level (2-3 fold) in the susceptible maize line B73 than the resistant line TZAR101 (Fountain et al.,
2015).
To further demonstrate the involvement of resistance-associated proteins (RAPs) in host
resistance to A. flavus infection, an RNA interference (RNAi) approach was employed in recent
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studies (Chen et al., 2010; Chen et al., 2016). RNAi-silenced PR10 transgenic kernels showed a
significant increase in fungal colonization and aflatoxin production compared to the controls,
indicating a direct involvement of PR10 in maize aflatoxin resistance (Chen et al., 2010). When
the production of the 14 kDa TI was reduced through RNAi, an increase in A. flavus colonization
and aflatoxin production was also observed in transgenic maize kernels (Chen et al., 2016). The
potential involvement of a recently identified resistance associated protein (RAP), a new basic β1,3-glucanase, in host resistance has also been investigated (Xie et al., 2015b). In addition, some
of the RAP genes are located in the same chromosomal regions containing major QTLs
contributing to maize aflatoxin resistance, such as bin 2.06 and 4.06 (Brooks et al., 2005) bin
3.05-6 (Paul et al., 2003), bin 3.06 and 4.06 (Warburton et al., 2011), and bin 2.08 (Busboom and
White, 2004), further suggesting the involvement of the identified RAPs in host aflatoxin
resistance.
2.5 Strategies to prevent/reduce aflatoxin contamination
2.5.1 Biological control by atoxigenic A. flavus strains
Biological control uses atoxigenic strains of A. flavus to compete for nutrient substrates
with toxigenic A. flavus strains through competitive exclusion or inhibition (Cleveland et al.,
2003; Pitt and Hocking, 2006). The efficacy of atoxigenic A. flavus strains in controlling aflatoxin
contamination was first demonstrated in Arizona cotton fields by Cotty (1990). Field surveys in
the biologically controlled and surrounding fields observed a shift of strain profile from toxigenic
to atoxigenic over the years of continuous application, indicating competitive exclusion (one
strain competes to exclude another in the environment) is a viable biological control strategy. The
feasibility of atoxigenic strains in biocontrol of other crops has since been demonstrated,
including peanuts and maize (Magbanua et al., 2013; Rajasekaran et al., 2013). Biological control
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agents are found abundantly in nature and are currently being used in biopesticide production
across the world (Grubisha and Cotty, 2015). Currently, a few strains of atoxigenic A. flavus have
been registered with the U.S. Environmental Protection Agency as biological control agents for
commercial applications, such as AF36, Prevail, AflaSafe, FourSure, and Afla-Guard (Dorner and
Lamb, 2006; Cotty et al., 2007; Atehnkeng et al., 2014; Bandyopadhyay et al., 2016). Afla-Guard
is composed of hulled barley coated with conidia of atoxigenic A. flavus strain NRRL21882
(McCormick et al., 1987), which has been found effective in reducing aflatoxin production in
peanut (Horn and Dorner, 2009). The other biocontrol agent is A. flavus AF36, primarily used for
reducing aflatoxin on cottonseed. AF36 is defective in the aflatoxin polyketide gene pksA (aflC)
and thus not able to produce aflatoxins (Schmale and Munkvold, 2014). More recently, a strain
NRRL30797 (K49) is another atoxigenic strain that has been patented as a biological control
agent by the USDA (King et al., 2011) .
2.5.2 Enhanced host resistance through crop breeding
There has been a major effort to identify germplasm with natural resistance to A. flavus
infection (preharvest resistance) in the past four decades. As a result, many new sources of
resistance were identified, such as Mp420, Mp313E, and GT-MAS:gk (Williams et al., 2015).
However, these germplasm lines tend to possess undesirable agronomic characteristics, such as
tight husk coverage and late maturity (Williams et al., 2008), and therefore, cannot be used
directly to breed for commercial aflatoxin resistant maize varieties. Furthermore, mapping studies
indicate that aflatoxin resistance is a quantitative trait with a strong environmental influence
(Davis and Williams, 1999; Paul et al., 2003; Brooks et al., 2005; Robertson et al., 2005;
Warburton et al., 2011). In spite of these challenges, newer breeding lines and populations with
high and reliable resistance under varying environments in good agronomic backgrounds have
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been developed (Warburton and Williams, 2014). TZAR101, TZAR102, TZAR103, TZAR104,
TZAR105 and TZAR 106 are tropical inbred lines developed by the United States Department of
Agriculture-Agricultural Research Service (USDA-ARS) and the International Institute of
Tropical Agriculture (IITA) (Menkir et al., 2008), which are resistant to A. flavus colonization
and aflatoxin accumulation. These lines are also being tested as inbred and in hybrid
combinations in the southern U.S. While stable resistance is a positive advancement in the efforts
to breed resistant maize cultivars, all resistant breeding lines identified to date contain tropical
germplasm in their backgrounds. Thus, they tend to be tall, late, and lower yielding than
commercial hybrid checks (Warburton and Williams, 2014). Although maize lines with resistance
have been identified and maize breeding effort has been largely very successful, especially yieldwise, such as high yielding yellow maize AO901-25 that has a grain yield of 7115kg/h and low
aflatoxin level (Menkir et al., 2008), a lot remains to be done in order to consider consumer
preference, such as white maize over yellow (Abbas et al., 2009).
2.5.3 Genetic engineering to improve crop resistance
Another widely used approach to enhance crop resistance is through genetic engineering,
such as overexpressing plant genes that are induced by biotic or abiotic stresses or with antifungal
activities. Dana et al. (2006) produced transgenic tobacco (Nicotiana tabacum) lines
overexpressing the endochitinases CHIT33 and CHIT42 from Trichoderma harzianum, which
conferred broad resistance to fungal and bacterial pathogens, salinity, and heavy metals.
Transgenic oilseed rape overexpressing BnMPK4 isolated from Brassica napus markedly
enhances resistance to Sclerotinia sclerotiorum and Botrytis cinerea (Wang et al., 2009). Overexpression of the transcriptional regulator Npr1 that regulates systemic acquired resistance (SAR)
in transgenic Arabidopsis thaliana enhanced its resistance against a diverse array of pathogens
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(Cao et al., 1998). Recently, transferring of an intracellular immune receptor from pigeonpea that
confers its resistance to rust into soybean, which enables soybean to recognize Phakopsora.
pachyrhizi and, as a consequence of this recognition, activates a diverse set of responses to rust
and becomes immune in homozygous transgenic soybean plants (Kawashima et al., 2016).
Transgenic approaches to enhance maize resistance to A. flavus infection has not been
very successful due to the saprophytic nature of the pathogen, except that transgenic Bt maize,
which reduces insect damage on the ears, has been found to indirectly reduce aflatoxin as well as
fumonisin contaminations under certain conditions (Abbas et al., 2013). Wu (2006) reported that
Bt maize saves maize farmers $23 million annually by lowering fumonisin and aflatoxin
contamination. However, the public acceptance of using genetically modified maize in food and
feed is still limited due to various concerns.
2.5.4 Limitations of current management strategies
Management of aflatoxin contamination can be achieved both pre-harvest, such as by
employing biological controls and developing resistant cultivars through breeding, and postharvest, such as by cleaning and drying maize to below 15% moisture or having access to storage
facilities with temperature and moisture controls. However, all of these methods have limitations.
There are serious concerns with applying biocontrol measures: 1) increase in overall fungus
propagules in the atmosphere; 2) possibility of sexual recombination with toxigenic strains in
nature to make a super strain; and 3) the biocontrol is not always effective and very sensitive to
proper moisture and timing of application (Moore et al., 2011). Although breeding maize with
enhanced aflatoxin resistance is the most desirable and cost-effective approach in reducing
aflatoxin contamination, the process has proven to be difficult due to several constraints. First,
there is a lack of precise physical or chemical factors known to be associated with resistance
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(Widstrom and Zuber, 1983; Widstrom et al., 1984; Brown, 1999). Second, mapping studies
indicate that aflatoxin resistance is a quantitative trait involving multiple genes. Without markers,
selection for aflatoxin resistance relies on field evaluation with natural or artificial inoculations
year after year, which is heavily influenced by genotype x environment (G × E) interactions. Due
to these limitations, researchers have been searching for various novel approaches to enhance crop
resistance.
2.6 Novel approaches to enhance crop resistance
2.6.1 Gene editing to enhance plant disease resistance
CRISPR (Clustered Regularly Interspaced Short Palindromic Repeat) is a locus of
repetitive DNA sequences (direct repeats) interspaced by short non-repetitive sequences (spacers)
present in prokaryotes. These repetitive sequences were first found in E. coli by Ishino et al.
(1987). Later studies showed that the spacer regions were very similar to virus DNA and this
information lead to the speculation that bacteria use CRISPR as a defense mechanism against
viruses (Jinek et al., 2012; Shan et al., 2013; Xie et al., 2015a). Another relevant finding about
these particular DNA sequences of bacteria was the presence of a collection of genes nearby the
CRISPR array. These genes are called Cas genes (CRISPR-associated genes), which encode a
microbial nuclease that could cut DNA. But it was not until 2007 that all this puzzling
information and the function of CRISPR-Cas was revealed. Barrangou et al. (2007) showed that
bacteria were able to cut virus DNA fragments and integrate them into its genome. Using this
system, bacteria create a library composed of different virus sequences used to fight viral
infection. As studies with CRISPR-Cas progressed, scientists realized that this defense
mechanism of prokaryotes has a real practical application as a genome-editing tool. In 2012, it
was shown that CRISPR-Cas was a programmable DNA-cutting enzyme system, which could be
used to precisely cut and edit specific DNA regions (Jinek et al., 2012). CRISPR-Cas has now
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evolved into a preferred choice of method over zinc finger and TALEN nucleases in genome
editing (Gaj et al., 2013). This technique has been successfully used in editing (mutagenizing)
genes in maize and soybean (Sun et al., 2015). However, due to lack of information on plant
genes that cause disease susceptibility, there has been limited success in using this technique to
enhance plant disease resistance. An example of successful use has been the disruption of the mlo
allele in wheat, which conferred heritable broad-spectrum resistance to powdery mildew (Wang et
al., 2014).
A recent study of the TaGW2 gene in hexaploid wheat by Wang et al. (2018) showed that
applying CRISPR-Cas9 multiplexed gene editing (MGE) can increase seed size in later
generations. Fister et al. (2018) targeted the cocoa TcNPR3 – a gene which suppresses host
defense response in an effort to develop disease-resistant Theobroma cacao through gene editing
to reduce the economic loss endured by cocoa farmers due to infection by Phytophthora
tropicalis. Ma et al. (2018) reported that targeting the rice OsSEC3A gene resulted in increased
resistance to the fungal pathogen Magnaporthe oryzae.
2.6.2 RNA interference and host induced gene silencing (HIGS)
2.6.2.1 History of RNAi
RNA interference (RNAi), a conserved gene silencing mechanism in eukaryotes, was first
described in Caenorhabditis elegans (Fire et al., 1998). It is believed to be an ancient defense
and/or regulatory mechanism. The current understanding is that double-stranded RNA (dsRNA) is
cleaved to produce small guide molecules called small interfering RNA (siRNA) of about 25
nucleotides (nt) (Hamilton and Baulcombe, 1999). The antisense strands of these siRNA
fragments are then incorporated into a nuclease containing complex called RISC (RNAi silencing
complex), which degrades mRNAs that are complementary to the single stranded siRNA that is
associated with the complex (McManus and Sharp, 2002). This has been confirmed by the
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identification of an RNA-dependent RNA polymerase (Himber et al., 2003) and the discovery of
gene specific small RNAs (21-25 nt) in silenced tissue (Hamilton et al., 2002).
Several earlier studies also found that siRNA in diet or medium can be transported across
cellular membranes and affect target gene expression in C. elegans (Tabara et al., 1998) or A.
nidulans (Khatri and Rajam, 2007). Further studies demonstrated movement of siRNA molecules
between a parasite and its host plant (Tomilov et al., 2008), or between herbivorous insects and
the host plant engineered to express dsRNAs targeting vital insect genes (Baum et al., 2007).
These small RNAs, including both siRNA and micro RNA (miRNA), appear to travel between
cells and systemically throughout the plant via plasmodesmata as mobile silencing signals, to
regulate cellular processes, host defense, transcription and translation (Dunoyer et al., 2010;
Himber and Dunoyer, 2015; Pyott and Molnar, 2015).
2.6.2.2 Host-induced gene silencing (HIGS) in controlling fungal disease of
plants

Gene silencing has opened a new era for studying the functions of unknown genes,
identifying new genes involved in host-pathogen interactions, and for controlling fungal diseases
of crops. After the successful demonstration of RNAi in controlling nematodes, insects, and
parasitic plants, several studies demonstrated the effectiveness of silencing gene expression in
phytopathogenic fungi, such as Magnaporthe oryzae, Sclerotinia sclerotiorum, and Phytophthora
sojae (Kadotani et al., 2003; Erental et al., 2007; Graham et al., 2007)
The major breakthrough in applying RNAi to control plant fungal diseases came from the
studies by Tinoco et al. (2010) and Nowara et al. (2010). Tinoco et al. (2010) reported that GUS
specific siRNA expressed in the transgenic tobacco could lead to the GUS gene silencing in the
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GUS transformed Fusarium verticilllioides transformants. HIGS has also been effective in
suppressing the biotrophic pathogen Blumeria graminis. In the barley - B. graminis pathosystem,
76 fungal genes found to be expressed during the interaction were subjected to RNA silencing by
HIGS; 21% of plants transformed with each of the fungal RNA silencing constructs showed a
reduction in the number of B. graminis spores able to develop haustoria (Nowara et al., 2010).
Further suppression of two genes coding for 1,3-b-glucanosyl transferase (GTF1 and GTF2) using
a Barley stripe mosaic virus (BSMV) based virus-induced gene silencing (VIGS) system led to a
significant reduction in haustorium formation, the rate of secondary hyphal elongation and
reduced disease symptoms when inoculated with B. graminis f.sp. hordei. In addition, suppression
of mla10, a virulence effector of the pathogen, in susceptible plants resulted in a reduction in
pathogen development. Also using VIGS mediated by BSMV, a separate study by Yin et al.
(2010) showed effectiveness of HIGS in wheat by targeting genes highly expressed in haustoria
of Puccinia striiformis f.sp. tritici (PST).
Recently, A. tumefaciens-mediated transient silencing, as well as stable transgenic
silencing of the Puccinia triticina (leaf rust) pathogenicity genes mitogen-activated protein kinase
1 (PtMAPK1), cyclophilin (PtCYC1), and calcineurin B (PtCNB) partly suppressed the growth of
P. triticina, as well as P. graminis and P. striiformis, the causative agents of stem rust and yellow
rust, respectively, in wheat (Panwar et al., 2013). Koch et al. (2013) demonstrated HIGS in barley
targeting F. graminearum (CYP51) genes restricted mycelium formation of F. graminearum to
the inoculation sites, and this inhibition of fungal growth was correlated with in plant production
of siRNAs corresponding to the targeted fungal CPY51 genes (Koch et al., 2013). Several studies
published after the initiation of this HIGS project have also shown major progresses in applying
HIGS to combat aflatoxin contamination of susceptible crops. The first such study was by
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Masanga et al. (2015), who successfully downregulated aflatoxin biosynthesis in A. flavus
infected maize that had been transformed with a hairpin construct targeting transcription factor
aflR. However, the transgenic plants appeared to be shorter and produced fewer kernels (Masanga
et al., 2015). Recently, Thakare et al. (2017) reported successful reduction of aflatoxin production
in transgenic maize plants expressing a HIGS construct targeting aflC. However, the results from
this study were based on one-year observation of a very limited number of greenhouse plants.
Sharma et al. (2018) increased aflatoxin resistance in peanuts using the HIGS constructs targeting
aflM (Ver) and aflP (Omt) that were constructed in our laboratory for my dissertation research.
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CHAPTER 3. TRANSGENIC CONTROL OF AFLATOXIN
CONTAMINATION IN MAIZE THROUGH HOST-INDUCED GENE
SILENCING TARGETING Aspergillus flavus p2c GENE
3.1 Introduction
Maize (Zea mays L.) is one of the major crops susceptible to Aspergillus flavus
(Anamorph; Petromyces flavus, Teleomorph (Horn et al., 2009)) infection and subsequent
contamination with aflatoxins, the most potent carcinogenic secondary metabolites produced in
nature (Castegnaro and McGregor, 1998). Aflatoxin is known to cause numerous diseases in both
humans and domestic animals including liver cancer, cirrhosis, hepatitis, reproductive defects,
and acute aflatoxicosis (Shephard, 2008). Due to the toxic and carcinogenic effect of aflatoxins to
humans and animals, many countries have established strict regulation on the permissible levels
of aflatoxin in food and feed, such as in the U.S. Food and Drug Administration (FDA), which
has set a limit of contamination by aflatoxin to not exceed 20 µg/kg (Park and Liang, 1993).
Therefore, this pathogen has the potential to cause severe postharvest losses, which was estimated
to be more than $500 million in the United States due to aflatoxin contamination (Vardon et al.,
2003).
Currently there are no effective controls that can completely eliminate aflatoxin
contamination in maize and other susceptible crops. Biocontrol is the practical measure that can
reduce aflatoxin contamination in the field, but its efficacy varies depending on moisture and
timing of application (Moore et al., 2011). Although conventional breeding has greatly improved
yields, elite breeding lines remain susceptible to aflatoxin contamination. Transferring polygenic
resistance currently available in maize into elite breeding lines has been met with limited success
due to linkage drag and incomplete resistance (Warburton et al., 2011; Mylroie et al., 2013). Here,
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we propose to develop transgenic maize that can reduce A. flavus infection or aflatoxin production
through a new technique known as Host Induced Gene Silencing (HIGS). HIGS is achieved via
expression of double-stranded (ds) RNAs of pathogen-origin in plants through transient or stable
transformation protocols using RNAi vectors (Wesley et al., 2001). This type of posttranscriptional gene silencing (PTGS) is mediated by 21–24 nt dsRNA molecules known as small
interfering RNAs (siRNAs) produced by an endonuclease called Dicer (Zhang et al., 2015).
Earlier studies found that siRNA in diet or medium can be transported across cellular
membranes and affect target gene expression in C. elegans (Tabara et al., 1998) or Aspergillus
nidulans (Khatri and Rajam, 2007). Further studies demonstrated movement of siRNA molecules
between a parasite and its host plant (Tomilov et al., 2008), or between herbivorous insects and
the host plant engineered to express dsRNAs targeting vital insect genes (Baum et al., 2007).
Recent studies found small RNAs including both siRNA and micro RNA (miRNA) may travel
between cells via plasmodesmata and systemically throughout the plant as mobile silencing
signals, to regulate cellular processes, host defense, transcription and translation (Dunoyer et al.,
2010; Pyott and Molnar, 2015).
The siRNA can travel into the pathogen during infection of host plants and bind to its
target gene, leading to the cleavage of its corresponding mRNA into 20-25 nt in size, which
results in suppression of pathogen growth and disease development (Großhans and Filipowicz,
2008). The major breakthrough in applying RNAi in controlling plant fungal diseases came from
the following two studies. Tinoco et al. (2010) reported the suppression of GUS gene expression
in a GUS-transformed fungus Fusarium verticillioides when it is inoculated onto transgenic
tobacco plants expressing RNAi construct targeting the GUS gene. Another study was by Nowara
et al. (2010) who reported reduced fungal infection by the powdery mildew fungus Blumeria
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graminis by expressing a silencing construct targeting the fungal effector gene Avra10 in
susceptible barley and wheat. This cross-kingdom RNAi based gene silencing phenomenon is
called host-induced gene silencing (HIGS), which has been demonstrated to successfully suppress
disease development caused by fungi (including biotrophs, hemibiotrophs and necrotrophs) as
well as oomycetes (Govindarajulu et al., 2015; Park et al., 2016; Song and Thomma, 2016).
Panwar et al. (2013) reported suppression of the wheat leaf rust fungus, Puccinia triticina, when
genes involved in pathogenicity were targeted. Recently, Ghag et al. (2014) showed that
transgenic banana producing small interfering RNAs (siRNAs) targeted against vital fungal genes
increased its resistance against F. oxysporum f.sp. cubense. Jahan et al. (2015) demonstrated
successful control of Phytophthora infestans in potato using the same strategy. In another recent
study, this strategy improved plant resistance against Verticillium wilt, an economically
important, but notoriously hard to control disease that affects a wide range of host plants (Song
and Thomma, 2016). These studies convincingly demonstrated that trafficking small RNAs
between plants and fungal pathogens provides a new and powerful tool to control plant diseases.
In addition, some limited success of using HIGS to suppress fumonisin production in wheat by
targeting an essential chitin synthase (Cheng et al., 2015) and aflatoxin production in maize by
targeting aflR or aflC of A. flavus (Masanga et al., 2015; Thakare et al., 2017) has been reported
recently.
Aspergillus flavus polygalacturonase (also known as pectin depolymerase or pectinase) is
involved in breaking down the pectin in plant cell walls during colonization of the host to aid its
infection. Cleveland and McCormick (1987) demonstrated accumulation of pectinase in infected
cotton boll due to A. flavus colonization. Cleveland and Cotty (1991) found that the specific
endopolygalacturonase is correlated with the aggressiveness of A. flavus isolate during host
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infection. In fact, Shieh et al. (1997) demonstrated that incorporating the pecA gene, which
encodes polygalacturonase (p2c), into a strain of A. flavus facilitated greater destruction of the
intercarpellary membrane. This p2c gene is also highly expressed during A. flavus infection of
cotton bolls (Shieh et al., 1997).
The aim of this study was to reduce A. flavus colonization during infection of maize by
targeting the highly expressed p2c gene for suppression through HIGS and to eventually reduce
aflatoxin contamination in maize. An HIGS vector was first constructed and transformed into
maize B104, the resulting transgenic kernels of heterozygous and homozygous plants were
evaluated under laboratory and/or field inoculation conditions for five generations. Reduced
aflatoxin contamination was observed in both homozygous transgenic B104 kernels as well as in
kernels of F1 crosses of these lines with elite inbred lines. This increase in aflatoxin resistance
appears to correlate with the presence of high levels of gene specific small RNA being produced
in those tissues.
3.2 Materials and methods
3.2.1 Construction of dsRNA vector for suppressing p2c gene expression
P2c gene from A. flavus AF13 (accession number U05015), encoding a polygalacturonase
that is involved in fungal colonization (Shieh et al., 1997), was selected as a potential target for
suppression using a Gateway based vector previously constructed by Chen at al. (2010). The 5′
and 3′ arms were selected from the coding region of polygalacturonase gene and were amplified
using PCR with homologous recombination sites attached to the end of the gene-specific primers
(Table 1). Briefly, the 5′ arm was amplified with attB4-P2cF and attB1-P2cR using the A. flavus
cDNA clone as a template, and the 3′ arm was amplified with attB2-P2cF and attB3-P2cR in a
similar manner. The 5′ and 3′ arms from each construct were then ligated into pDONR P4-P1R
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and pDONR P2R-P3 (Invitrogen, Carlsbad, CA, United States), respectively, through BP clonase
reactions, according to the manufacturer’s instructions. The resulting vectors were named
pENTR-L4-5′ arm-R1 and pENTR-R2-3′ armL3, respectively.
The MultiSite Gateway LR recombination reaction was performed with the four vectors
pBS-d35S-attR4-attR3, pENTRL4-5′ arm-R1, pDONR221-PR 10-intron-CmR (Chen et al., 2010)
and pENTR-R2- 3′ arm-L3, according to the manufacturer’s instructions, the reaction mixture was
transformed into TOP10 Escherichia coli cells and selected on LB plates containing 100 µg/mL
ampicillin and 30 µg/mL chloramphenicol. The resulting vector pBS-P2c-RNAi (pBS-d35SattB4-5′ arm-attB1-PR 10 intronCmR-attB2-3′ arm-attB3) (Figure 3.1) was then verified through
restriction digestion and sequencing before digesting the vector with EcoRI and SacI to remove
the DNA region containing the P2c-RNAi cassette, which was then ligated into the corresponding
sites of pTF102 (Frame et al., 2002), to generate the final RNAi vector pTF102-P2c-RNAi, which
was further verified through digestion before being used in maize transformation.
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Figure 3.1. Construction scheme of polygalacturonase gene (p2c) silencing vector. The
pBS-d35S- R4-R3 vector containing a double 35S promoter, followed by an attR4-ccdBCmR-attR3 cassette amplified from pDESTTM R4-R3 (Invitrogen, Carlsbad, CA) in the
pBluescript SK- was constructed in an earlier study (Chen et al., 2010). The DNA regions
corresponding to the p2c 5′arm and 3′ arm were amplified by PCR with primers containing
unique homologous recombination sites cloned into their corresponding entry vectors. They
were recombined with pDONR221-PR 10-intron-CmR (Chen et al., 2010) containing a
chloramphenicol resistance gene (CmR) selection marker in the middle of the PR10 intron
through the LR clonase reaction to assemble the RNAi cassette into the pBluescript vector
to produce the pBS-d35S-attB4-5′arm-attB1-PR10 intron-CmR-attB2-3′arm-attB3 vector
(named pBS-II-P2c-RNAi). The RNAi cassette was then cloned into the pTF102 vector
through ligation to produce the final pTF102-P2c-RNAi vector. This figure was modified
from Chen et al. (2010).
.
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3.2.2 Transformation of dsRNA vector into maize and initial analysis of transgenic
maize leaf tissues
The final vector was sent to the Plant Transformation Facility (PTF), Iowa State
University, for transformation into Agrobacterium strain EHA101, which was then used to
transform B104 immature zygotic embryos (Paz et al., 2006) according to the protocol outlined
by Frame et al. (2000). Regenerable type I calli were subcultured and fertile transgenic plants
recovered following selection on bialaphos-containing medium (Frame et al., 2000; Chen et al.,
2010) The regenerated transgenic plants were pollinated with pollens from B104 between March
2 to 26 of 2013 and ears from all fifteen independent transformation events were harvested from
April 15 to May 13, 2013.
3.2.3 Confirmation of transformation and target gene expression
Genomic DNA was isolated from ground leaf tissues (0.1 g) developed from transgenic
kernels of all fifteen independent transformation events using a modified CTAB method as
described by Doyle and Doyle (1987).The quality and quantity of the isolated total DNA was
determined using a Nano-Drop ND-1000 Spectrophotometer (Thermo Scientific, Wilmington,
DE, United States). DNAs were diluted to the same concentration (50 ng/µL) and used as a
template for PCR using specific primers corresponding to the p2c gene (P2c-F and P2c-R, Table
3.1). This reaction was prepared at 1× final concentration in a 20 µL volume containing 0.4 µM
of each primer and 1 µL of the template. Expression of the target gene in developing leaves of
young transgenic maize plants was confirmed using reverse transcriptase polymerase chain
reaction (RT-PCR). Total RNA was isolated from plants of all 15 events and the B104 wild type,
which was used as negative control. Reverse transcription cDNA RT kit (Life Technologies,
Carlsbad, CA, USA) was used for quantitative real-time polymerase chain reaction (qRT-PCR)
analysis follow the manufacturer’s protocol. cDNA was used as a template for real time PCR
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using RT-P2c-F and RT-P2c-R (Table 3.1). The expression level of 18S rRNA was used as an
internal control to normalize the level of target gene expression. The amplification efficiency of
each primer pair used in this study was determined through serial dilutions, and this was taken
into account in calculating target gene expression if it was outside the ideal efficiency range. The
transgenic events confirmed positive for transformation were used in the studies described below.
3.2.4 Evaluation of aflatoxin resistance in different generations of transgenic maize
kernels
Seven events (P2c5, P2c7, P2c8, P2c13 P2c17, P2c18 and P2c25), which had the high
gene expression (P2c8, P2c17 and P2c18) and low gene expression (P2c5, P2c7, P2c13 and
P2c25), were selected for the initial screening out of thirteen T1 generation of transgenic maize
kernels received from Iowa. After surface sterilization of the kernels as described in Kernel
Screening Assay (KSA) by Brown et al. (1993), 10-15 seeds per event were inoculated with 4 x
106 conidia/mL of A. flavus toxigenic strain AF13 (ATCC 96044, SRRC 1273) and incubated at
30℃ under 100% humidity. After 7 days of incubation, kernels were dried at 65℃ for 72 hrs to
stop the fungal growth and ground for aflatoxin extraction using MeOH as described by Sobolev
and Dorner (2002). Aflatoxin was quantified using a high performance liquid chromatography
(HPLC) according to Joshua (1993). Genomic DNA was also isolated from ground kernel powder
of individual kernels after aflatoxin extraction to determine whether it contains the target gene.
Another fifteen T1 kernels from each of the above eleven events were sown in pots filled
with potting mix in a greenhouse for seed increase in spring of 2015. Eight to Eleven transgenic
seedling events that were verified by PCR to contain the p2c gene were transplanted to a field for
self-pollination by hand to generate T2 seeds. Twenty-five kernels per event from the resulting T2
ears were tested for aflatoxin accumulation using KSA as described above. DNA isolation and
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verification for presence of transgene was conducted on individual kernels for which aflatoxin
data were obtained.
T2 seeds (45 kernels/event) were increased to T3 in spring of 2016, and from T3 to T4 in
the field (60 kernel/event) in 2017 on two of the events (P2c5 and P2c13). In 2018, homozygous
lines of these two events were crossed with six elite inbred line (LH210, LH195, LH197, PHN46,
PHW79 and PHG39) (Mikel, 2006) to determine whether the transgene can reduce aflatoxin
production in the resulting crosses. Also in 2018, two more T2 events (P2c7 and P2c17) were
increased and determined aflatoxin levels. Besides PCR confirmation of the presence of the target
gene in genomic DNA extracted from seedling leaf tissues, a zygosity test as described below was
also conducted for each of the seedlings that contained the target gene.
3.2.5 Transgene copy number assessment using real time PCR and droplet digital
PCR
Besides PCR confirmation of the presence of the target gene in genomic DNA extracted
from transgenic seedling leaf tissues, a zygosity test as described below was also conducted for
each of the seedlings that contained the target gene. To distinguish between heterozygous and
homozygous plants among the T2, T3 and T4 seedlings, TaqMan real-time PCR primers specific
to the aflM and to the endogenous single copy alcohol dehydrogenase gene (adh1) as a normalizer
were used to quantify the relative ratios of p2c/adh1 with the fluorogenic TaqMan probes. Realtime PCR was performed in an ABI Prism 7000 Sequence Detection System (Applied
Biosystems, Foster city, CA, United States) in a final volume of 25 µL containing 1 x TaqMan
Universal PCR Master Mix (Applied Biosystems), 200 nM of each primer, 100 nM of probe and
150 ng of genomic DNA under the following conditions: 50°C for 2 min, 95°C for 10 min, and 40
amplification cycles of 95°C for 15 sec, and 55-60°C for 1 min depending on primers (Table 3.1).
Three technical replicates were included for each sample. The initial p2c/adh ratio in the leaf
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tissue of T0 transgenic plants was used to determine the transgene copy number. Zygosity was
calculated based on the threshold cycle (Ct) values of the target gene and adh1 normalizer. If ∆Ct
(Ct(target)- Ct(endogenous)) of a T3 plant was less than that of the T0 plant, the T3 plant was
considered homozygous (Bubner and Baldwin, 2004). To obtain more precise assessment of
transgene copy number, the droplet digital PCR was also performed on the genomic DNA
extracted from the following samples: P2c3(T0), P2c4 (T0), P2c5 (T0), P2c5 (T4), P2c6 (T0),
P2c7(T0), P2c7(T4), P2c13(T0), P2c13(T4), P2c17(T0), P2c17(T4) and P2c29 (T0) using the
same real-time PCR primer and probe sets with the bar gene as the target and the adh gene as a
reference to quantify the transgene copy number in the T0 and T4 (homozygous) transgenic plants
at the Interdisciplinary Center for Biotechnology Research, University of Florida (Gainesville,
FL) (Hindson et al., 2011; Głowacka et al., 2016; Xu et al., 2016; Collier et al., 2017).
3.2.6 Cross transgene into elite inbred lines and field inoculation
To further verify whether the reduced aflatoxin production observed in the homozygous
transgenic lines was due to the presence of the transgene, three non-stiff stock (LH210, PHN46
and PHW79) and three stiff-stock (LH195, LH197 and PHG39) elite inbred lines were pollinated
with pollens from T4 generation homozygous and null P2c5 and P2c13 plants, and the resulting
ears were inoculated 2 weeks after pollination at the Louisiana State University Agricultural
Center Botanic Gardens, Baton Rouge, LA.
For the self-pollinated T3 and T4 generation homozygous, heterozygous and nontransgenic P2c5 and P2c13 plants grown in 2016 and 2017, for two additional events (P2c7 and
P2c17) grown in 2018, and for the crosses with the above six elite inbred lines with homozygous
plants and null of P2c5 and P2c15 in 2018, six to 14 ears from each line were inoculated two
weeks after self-pollination with 3.4 mL/per ear of A. flavus AF13 conidial suspension (4 x 106
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conidia/mL in 0.01% (w/v) SDS) (2016) at four injection sites in the mid-ear using an Indico treemarking gun (Forestry Suppliers, Jackson, MS, United States ) with a 15-gauge hypodermic
needle. The inoculum concentration was adjusted to 1 x 105 conidia/mL for 2017 and 2018 field
inoculations due to extremely high levels of aflatoxins detected in inoculated kernels from 2016.
Four mature kernels surrounding each needle injection site were collected, treated as one
replicate, and used for aflatoxin extraction and analysis for 2016 and 2017. For the P2c7 and
P2c17 events that were produced in the field in 2018, kernels from the bottom half of the
inoculated ears were collected as one sample instead of collecting 4 kernels from each inoculation
site to minimize sample aflatoxin variation. The collected kernels from each ear were ground and
three subsamples were used for aflatoxin analysis. For crosses in 2018, at least eight ears per
treatment were collected. Kernels from half of each ear were mixed and ground, and three
subsamples were analyzed for aflatoxin levels using HPLC.
3.2.7 Aflatoxin extraction and quantification using HPLC
Aflatoxin was extracted from maize kernel for all experiment by grinding kernels with a
coffee mill (Mr. Coffee) until becoming fine powder, which was weighted (~60 mg-1000 mg) and
added to a 50 ml beaker. Then, 25 ml of an 80:20 methanol: water (HPLC grade) was added and
shaken with a shaker at approximately 60 rpm at room temperature for 1 hour. The extract was
then ﬁltered through Whatman No. 1 100-mm filter paper funnel in to 50-ml glass beaker. The
extract was diluted 1:10 with 100% methanol in a 1.5 ml tube. The tube was then capped and
mixed well by vortexing before being filtered through over an alumina-basic column (Sobolev
and Dorner, 2002) and collected by an auto simpler vial for HPLC analysis of AFB1.
The aflatoxin was quantified by reversed-phase high-performance liquid chromatography
(HPLC) as described in Sweany et al. (2011). Ten microliters of each sample was separated in a
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Waters e2695 Separations Model HPLC (Waters Corp., Milford, MA) containing a Nova-Pak
C18 4um 3.9x150 mm column held at 38°C, then subjected to post-column derivatization step
was conduct by exposure to UV right in a Photochemical Reactor for Enhanced Detection (Aura
Industries Inc., New York) and aflatoxin was excited by 365nm wavelength and 440nm emission
was detected by a 2475 FLR Detector (Waters Corp., Milford, MA) (Joshua, 1993). The solvent
was mixed by the pump at a ratio of 37.5 Methanol: 62.5 water at a 0.8ml/min flow rate. Each
sample run was 16 minutes with the AFB1 aflatoxin peak emerging at approximately13.5
minutes. Empower software (Waters Corp., Milford, MA) was used to calculate the area under the
AFB1 peak. The peaks were manually assigned and aflatoxin quantity was calculated based on a
calibration curve calculated from 4 replications of serial diluted aflatoxin B1 standards at 1, 5, 50,
500 and 1000 ng/mL.
3.2.8 Small RNA library construction, sequencing and bioinformatics for detecting
gene specific small RNA
Total RNAs were isolated from T0 leaf tissues collected in 2013, T3 leaf tissues of P2c5H,
P2c13H and P2c4 (null), and B104, and the immature maize kernels of the T4 plants collected
from homozygous and null of P2c5 and P2c13 as well as B104 14 days after self-pollination.
After grinding to a fine powder, maize kernel DNA was extracted by TRIzol reagent according to
the manufacturer’s instructions and then cleaned with RNAeasy Plant Mini Kit (QIAGEN,
Hilden, Germany). The total RNA from maize leaf tissues was isolated by RNeasy Plant Mini Kit
(QIAGEN, Hilden, Germany). The total RNA was checked for quality using a Nanodrop for small
RNA library construction. Indexed sRNA libraries were constructed from the enriched sRNA
fractions with the TruSeq Small RNA Library Preparation Kits (RS-200-0012, Illumina, San
Diego, CA, United States) according to the manufacturer’s instructions. Indexed sRNA libraries
were sequenced on the Illumina HiSeq 2500 platform at the Genomic Science Laboratory at NC
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State University (Raleigh, North Carolina, United States) in 2016 (T3 leaf tissues) and on
Illumina HiSeq 4000 at the Genomic Sequencing Core at UC Davis (Davis, CA, United States) in
2017 (T0 leaf tissues and T4 kernels), respectively. The adapters and indexes were trimmed using
Cutadapt (Martin, 2011) version 1.12, and the reads were mapped to the maize and A. flavus
genome sequences using bowtie2 (Langmead et al., 2009; Langmead and Salzberg, 2012) version
2.1.0. to identify sRNAs with a perfect match. Awk command lines were used to extract small
RNA specific to the targeted gene p2c. R (Team, 2013) was used to generate a sRNA mapping
figure.
3.2.9 Statistical analysis
Standard error was calculated using Excel (Microsoft Corp., Seattle, WA, United States).
Statistical analysis was conducted using SAS version 9.4 (Statistical Analysis System, SAS
Institute, Cary, NC, United States). Analyses of variance (ANOVAs) were calculated using Proc
Mixed. Post-hoc comparison of means was calculated using Tukey’s LSD means (Saxton, 1998).
Significance in this study was defined by a confidence interval ≥95% (α = 0.05). Raw aflatoxin
data were used directly in statistical analysis without transformation except those data from KSA
of T1 and T2 generation, which were log transformed to equalize variation between samples of
the experiment.
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Table 3.1. List of primers used in chapter 3 for constructing the Ti vector for suppressing the p2c,
zygosity testing and droplet digital PCR.
Primer name
Oligonucleotide sequence (5′→3′)
P2c-F
P2c-R
RT-P2c-F
RT-P2c-R
RT-Zm18S-F
RT-Zm18S-R
attB4-P2cF
attB1-P2cR
attB2-P2cF
attB3-p2cR

GATTACGAGAACGGCAGCC
CAAGAAGCACCAGTAGGAACG
CGCTACTGACATCTACATTCTCTG
GCACTTGGAGCTAGTCTTACC

d35S-F
RNAi-R
PR10-F

ATGACGCACAATCCCACTATCCT
GCCATACGGAATTCCGGA
CACCTCAGTCATGCCGTTCA

RT-P2c-F (Taq)
RT-P2c-R (Taq)
RT-P2c-probe*
RT-Adh1-F (Taq)
RT-Adh1-R (Taq)
Adh1-probe *

CGACGCTACTGACATCTACATT
CGCACTTGGAGCTAGTCTTAC
FAM-CCTGGCCCG/ZEN/CTGTTTCCATCACT-3IABkFQ
CGTCGTTTCCCATCTCTTCCTCC
CCACTCCGAGACCCTCAGTC
FAM-AATCAGGGC/ZEN/TCATTTTCTCGCTCCTCA-3IABkFQ

RT-Bar-F

GGAAGTTGACCG TGCTTGT
GATCTACCATGAGCCCAGAAC
FAM-CGATGTAGT/ZEN/GGTTGACGATGGTGCA-IBFQ

RT-Bar-R

Bar-probe*

GAGAAACGGCTACCACATCCA
ACGCGCCCGGTATTGTTAT
GGGGACAACTTTGTATAGAAAAGTTGATTACGAGAACGGCAGCC
GGGGACTGCTTTTTTGTACAAACTTGCAAGAAGCACCAGTAGGAACG
GGGGACAGCTTTCTTGTACAAAGTGGGTTCTCGCACTTGGAGCTAGTC
GGGGACAACTTTGTATAATAAAGTTGGATTACGAGAACGGCAGCC

Italics indicate the homologous recombinant site that attached to the end of the gene specific
primer sequences. *: the probes were labeled with FAM (6-fluorescein) or HEX (hexachloro
fluorescein) at the 5′end and double quenched with ZEN and Iowa Black FQ (IBFQ).
3.3 Results
3.3.1 Construction and transformation of HIGS vector into maize
The HIGS vector was constructed as described in Figure 3.1. After inserting the p2c 5′ and
3′ arm and the intron containing chloramphenicol selection marker (CmR) into pBS-d35S-attR4attR4 through LR recombination, the resulting construct was verified through digestions with
EcoRV and EcoRI/SacI restriction enzymes (Figure 3.2A). The resulted fragment sizes are in
agreement with expected sizes when it is digested with these enzymes, which are 262, 1156 and
3589 bp; and 573, 1563 and 2871 bp, respectively. The T-DNA from the above vector was then
excised with Bam HI and Sac I, which was inserted into the corresponding sizes of pTF102. The
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final construct with inverted repeats of the p2c fragment was verified through digestions with
MfeI, SacI/EcoRI, EcoRV and EcoRI/EcoRV restriction enzymes (Figure 3.2B). The fragment
sizes estimated based on DNA markers were in agreement with the expected fragment sizes of the
correctly assembled vector when it is digested with these enzymes, which are 299, 2086 and 8786
bp; 573,1563 and 9035 bp; 262, 668, 1156 and 9085 bp; and 262, 479, 668, 677 and 8461 bp,
respectively. In addition, the correct assembly of the p2c inverted repeats was also verified
through sequencing all four clones with d35S-F, RNAi-R and PR10-F primers (Table 3.1). This
construct is capable of producing a 220-bp p2c dsRNA transcript with a 101-bp single-strand loop
in the middle, once the transcript is processed in the host plant.
The construct was transformed into immature embryo of maize B104 line through
Agrobacterium infection in September 2012. Twenty-eight transgenic plants regenerated from 15
independent transformation events were pollinated with pollen from B104 in March of 2013, and
mature seeds were harvested from April to May 2013. All event except P2c3 and P2c4 were
confirmed positive for the presence of the target gene when genomic DNA from T0 plant leaf
tissues was used as template (Figure 3.3A). Three of the positive transformation events (P2c8,
P2c17 and P2c18) showed significantly higher target gene expression than the other events when
RNA extracted from T0 plant leaf tissues was examined using qRT-PCR (Figure 3.3B). P2c5,
P2c6 and P2c21 had the lowest level of target gene expression (Figure 3.3B).
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Table 3.2. Variations in the number and average weight of T1 kernels among the 28 transgenic
lines from 15 transgenic events of HIGS-p2c in B104 that were produced at Iowa State
University.
Events
Line name
Number of
Kernel weight (g) *
kernels per ear
(average)
P2c3
P2c4
P2c5
P2c6
P2c7
P2c8
P2c10
P2c11
P2c13
P2c14
P2c17
P2c18
P2c21
P2c25
P2c29

P2c3-2
P2c3-3
P2c4-1
P2c4-2
P2c4-3
P2c5-1
P2c5-2
P2c6-1
P2c6-2
P2c7-1
P2c7-2
P2c7-3
P2c8-1
P2c10-1
P2c11-3
P2c13-2
P2c14-1
P2c14-2
P2c14-3
P2c17-1
P2c18-1
P2c21-1
P2c21-3
P2c21-4
P2c25-1
P2c25-2
P2c29-1
P2c29-2

180
31
101
177
203
246
25
151
135
99
126
190
62
156
13
76
189
154
215
40
42
26
168
138
56
16
52
53
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0.1950
0.2289
0.2306
0.2316
0.1729
0.1683
0.1918
0.2324
0.1911
0.2575
0.1888
0.2642
0.2515
0.2250
0.1765
0.2433
0.2180
0.1844
0.1711
0.2274
0.2070
0.2652
0.1797
0.1950
0.2289
0.2306
0.2316
0.1729

Figure 3.2. A. Restriction digestion of the pBS II-P2c-RNAi construct to confirm its correct
assembly. Lanes 2-7 were clones digested with EcoRV, which resulted in the expected sizes of
262, 1156 and 3589 bp; and lanes 8-9 were clones 1C and 2C digested with EcoRI/SacI, which
resulted in the expected sizes of 573, 1563, and 2871 bp. B. Restriction digestion of the final
pTF102-P2c-RNAi construct with MfeI, which resulted in the expected sizes of 299, 2086 and
8786 bp (lane 2); SacI/EcoRI, which resulted in the expected sizes of 573, 1563 and 9035 bp (lane
3); EcoRV, which resulted in the expected sizes of 262, 668, 1156 and 9085 bp (land 4-7); and
EcoRI/EcoRV, which resulted in the expected sizes of 262, 479, 668, 677 and 8461 bp (lane 8).
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Figure 3.3. Determining the presence and level of expression of the target gene in the T0
transgenic leaf tissues. A, PCR confirmation of the presence (+) or absence (-) of target gene in
polygalacturonase (p2c) RNAi vector transformed T0 leaf tissues. P2c RNAi plasmid DNA was
used as a positive control and the genomic DNA from maize line B104 was used as a negative (-)
control. B, Expression of transgene p2c in the T0 leaf tissue of various transformation events
relative to 18S rRNA using real time PCR. P2c3 and P2c4 are negative for the transgene. Bars
labeled with the letter f is the highest expression of p2c gene and with the letter a is the lowest
expression of p2c gene; events with the same letters are not significantly different at P≤ 0.05.
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3.3.2 Characterization of T1 and T2 generations of transgenic seeds
Twenty-three ears were produced from the 13 events that were confirmed positive for
transformation. The number of kernels ranged from 12 to 246 per ear, and average kernel weight
ranged from 0.17 to 0.26 g (Table 3.2). The transgenic kernels from the following transgenic lines
P2c5, P2c7, P2c13 and P2c17 produced significantly less aflatoxin than the kernels without the
transgene (null) (Figure 3.4A). In an effort to conduct more comprehensive analyses, T1 seeds
from the P2c5, P2c6, P2c7, P2c8 P2c10, P2c13, P2c14, P2c17, P2c21, P2c25 and P2c29 events
were increased in the field in 2015 through self-pollination to generation T2. Up to 60% less
aflatoxin B1 production was observed in kernels from T2 generation of P2c5, P2c7, P2c8, P2c13,
P2c17 and P2c21 compared to the null (segregating non-transgenic) when analyzed using KSA
(Figure 3.4B). P2c5, P2c7, P2c13 and P2c17 transgenic kernels produced significantly less
aflatoxin than the kernels without the transgene (null) in both T1 and T2 generations. In addition,
P2c5 and P2c13 transgenic kernels produced less aflatoxin than P2c7 and P2c17 in both T1 and
T2. With this encouraging result, kernels from P2c5 and P2c13 events were selected for increase
to T3 and T4 generations in 2016 and 2017, respectively.
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Figure 3.4. Aflatoxin production in the T1 (A) and T2 (B) generation of transgenic kernels
containing p2c from different events compared to null seeds under kernel screening assay (KSA)
conditions. Data presented here are the mean and standard errors of ten replicates for each event.
Bars labeled with the same letters are not significantly different at P≤0.05. Transgene represents
the kernels that contain p2c. Null seeds for T1 are kernels from the same transformation events
without the presence of p2c, and for T2 are segregating non-transgenic kernels from the same
transformation events.
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3.3.3 Phenotypical evaluation of transgenic plants
Plant height (T1 generation) and seed number per ear (T2 generation) were evaluated in
eight to 11 transgenic events. Average height of eight to 10 plants per event was measured at the
silky stage. Seed number from five to 10 ears per event were counted. Plant height and seed
number per ear were not significantly different between transgenic and non-transgenic plants and
also among different events (Figure 3.5A, B). Representative T3 generation transgenic plants and
T4 generation of the mature ears of homozygous P2c5 and P2c13 as well as those of null5 and
null13 are shown in Figure 3.5C and D.

Figure 3.5. Phenotypic assessment of transgenic plants and mature ears. A. Average plant height
in P2c5, P2c6, P2c7, P2c8, P2c10, P2c13, P2c14, P2c17, P2c21, P2c25 and P2c29 in comparison
to the null3 and B104 (wild type) controls 50 days after planting at T1 generation. B. Average
number of T2 generation kernels per ear of P2c5, P2c6, P2c7, P2c8, P2c10, P2c13, P2c14, P2c17,
P2c21, P2c25 and P2c29 compared to null3 and B104 (wild type). Vertical bars represent
standard errors of the means. Means with the same letters were not significantly different at
P≤0.05. C. Representative appearance of plant height of null5, P2c5, null13 and P2c13 at 50 days
after planting (T4). D. Representative appearance of dehusked mature maize ears from of null5,
P2c5, null13 and P2c13 at harvest (T4).
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3.3.4 Aflatoxin production in the T3 and T4 generation homozygous seeds
The T3 generation kernels heterozygous for p2c in P2c5 event in 2016 showed
significantly lower levels of aflatoxin compared to kernels from the null (segregating nontransgenic) (P= 0.02) under field inoculation conditions. However, the aflatoxin level in the
inoculated kernels that were homozygous for p2c was not significantly different although it was
lower than that from the null (Figure 3.6A). Whereas for the event of P2c13, both the inoculated
homozygous and heterozygous T3 generation kernels supported significantly lower levels of
aflatoxin compared to kernels from the null (segregating non-transgenic) (P= 0.0002) (Figure
3.6A). The aflatoxin resistance of the T3 homozygous and null kernels was also verified through
laboratory KSA assays. The inoculated homozygous kernels from both events produced
significantly less aflatoxin compared to the null controls (Figure 3.6B). Overall, 40-80%
reduction in aflatoxin production was observed under both the field and laboratory inoculations
(Figure 3.6 A, B). The T3 generation homo and heterozygous kernels of P2c7 and P2c17 events
produced in 2018 under the field inoculation also showed significantly lower levels of aflatoxin
compared to kernels from the null (segregating non-transgenic) with P= 0.0001 and P=0.0026
respectively (Figure 3.6C). Overall, 65-85% reduction in aflatoxin production was observed under
the field inoculation.
Of the T4 generation kernels from P2c5 and P2c13 events produced from the 1st planting
in 2017, only homozygous kernels from P2c13 showed significantly lower levels of aflatoxin
compared to kernels from the null (segregating non-transgenic) under both field inoculation (P=
0.0092) (Figure 3.7A) and KSA (P= 0.03) conditions (Figure 3.7B). For kernels produced from
the 2nd planting, homozygous kernels from both events (P2c5 and P2c13) produced significantly
less aflatoxin than kernels from the null (P=0.01 and P=0.03, respectively) under field conditions
(Figure 3.7C). A 70-90% reduction in aflatoxin production was observed for P2c13 event in both
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plantings and for P2c5 from 2nd planting under the field inoculation conditions (Figure 3.7A, C).
Our results of the homozygous T3 and T4 kernels with both field and laboratory inoculations
demonstrated clearly HIGS targeting the p2c gene significantly reduced aflatoxin production in
the transgenic kernels.

Figure 3.6. Aflatoxin production determined by HPLC in the kernels of four different events of
T3 generation that were homozygous, heterozygous and null for the transgene under field
inoculation (A, C) and two events of P2c5 and P2c13 under laboratory kernel screening assay
conditions (B). Null refers to the segregating non-transgenic kernels from the same event. Data
are the mean and standard errors of 28-40 replicates for each event. Bars with the same letters are
not statistically different at P≤0.05.
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Figure 3.7. Aflatoxin production in the homozygous and null kernels of T4 generation from two
different events produced in first planting (A and B) and in second planting (C) under field
inoculation (A and C) and KSA conditions (B). Null represents the segregating non-transgenic
kernels from the same event. Aflatoxin quantification was performed using HPLC. Data presented
here are the mean and standard errors of 28 replicates (for field inoculations) or 30 replicates (for
KSA) from each event. Bars with the same letters are not significantly different at P≤0.05.
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3.3.5 Zygosity and p2c transgene copy number estimation in different transformation
events
The presence (homozygous and heterozygous) or absence of the target gene (p2c) was
determined in the segregating T3 seedlings developed from one ear of these self-pollinated P2c5,
P2c7, P2c13 and P2c17 events using qPCR. The copy number of the target gene was then
calculated based on chi-square analysis using 95% confidence level (Table 3.3). The results show
that P2c5 and P2c7 events contained more than one copy of the p2c target gene, whereas P2c13
and P2c17 events contained a single copy of p2c target gene.
The Southern blot hybridization equivalent droplet digital PCR was also performed to
verify the copy number of the above transgenic lines. The ratio of calculated gene copy number of
bar/adh1 for genomic DNA samples from P2c3(T0), P2c4(T0), P2c5(T0), P2c6(T0), P2c7(T0),
P2c13(T0), P2c17(T0) and P2c29 (T0) ranged from 0.47-0.96 (Table 3.4), confirming that the
P2c4, P2c13, P2c17 and P2c29 plants are single-copy hemizygous for the transgene, but P2c3,
P2c5, P2c6 and P2c7 plants are two-copy hemizygous for the transgene. The droplet digital PCR
also confirmed that P2c5(T4), P2c7(T4), P2c13(T4) and P2c17(T4) are homozygous for the
transgene based on the ratio of calculated gene copy number of bar/adh1 (ranging from 0.9 to
1.04 for single copy and 1.83 to 1.85 for two copies) (Table 3.4). These data showed that P2c13
and P2c17 contain a single integration of p2c RNAi T-DNA, which is consistent with the results
obtained by the quantitative real-time PCR method. For P2c5 and P2c7 events, the data from
qRT-PCR showed that is more than one copy and the data from droplet digital PCR show clearly
that both P2c5 and P2c7 had two integrations of the transgene since the ratio of bar/adh gene
copy number of P2c5(T0) and P2c7(T0) was 0.91 and 0.95, respectively, while in P2c5(T4) and
P2c7(T4) was 1.85 and 1.83, respectively (Table 3.4).
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Table 3.3. Transgene copy number analysis based on genotyping of seedlings developed from
self-pollinated T3 generation ears and chi-square analysis.
Event
Number
Seedling
Seedling
X2
P
Transge
of
containing
without
ne copy
seedlings transgene
transgene
number
P2c5

102

Observed

64

38

Expected (1 copy)

76.5

25.5

8.02

0.0046

≠1

Expected (2 copies)

95.6

6.3

169.95

<0.0001

≠2

Observed

31

20

Expected (1 copy)

38.1

12.7

5.55

0.0184

≠1

Expected (2 copies)

47.8

3.1

98.03

<0.0001

≠2

Observed

77

21

Expected (1 copy)

73.5

24.5

0.66

0.4142

1

Expected (2 copies)

91.87

6.12

38.58

<0.0001

≠2

Observed

59

15

Expected (1 copy)

55.5

18.5

0.88

0.3474

1

Expected (2 copies)

69.37

4.62

24.85

<0.0001

≠2

P2c7

P2c13

P2c17

51

98

74

Transgene copy number was estimated based on probability of calculated chi-square Χ2 = ∑
(observed-expected)2 / (expected) exceeding the critical value to reject or accept the null
hypothesis of being one or two copies. Segregation of seedlings with transgene and without (null)
is expected to be 3:1 (transgene: null) for single copy or 15:1 for two copies.
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Table 3.4. Gene copy number analysis through droplet digital PCR of genomic DNA from leaf
tissues of T0 and T4 transgenic plants.
Events
bar gene copy/20 µL
adh gene copy/20 µL bar/adh Copy number
P2c3 (T0)
830
862
0.96
2 (hemi)
P2c4 (T0)
384
804
0.47
1 (hemi)
P2c5 (T0)
326
360
0.91
2 (hemi)
P2C6 (T0)
880
810
1.09
2 (hemi)
P2c7 (T0)
1112
1166
0.95
2 (hemi)
P2c13 (T0) 374
716
0.52
1 (hemi)
P2c17 (T0) 332
636
0.52
1 (hemi)
P2c29 (T0) 398
716
0.55
1 (hemi)
P2c5 (T4)
1160
628
1.85
2 (homo)
P2c7 (T4)
2306
1258
1.83
2 (homo)
P2c13 (T4) 798
880
0.90
1 (homo)
P2c17(T4)
618
590
1.04
1 (homo)
The target gene copy number was calculated based on the ratio of number of target bar gene
(phosphinothricin acetyltransferase gene) molecules in the construct compared to maize single
copy reference alcohol dehydrogenase gene (adh1) in the genomic DNA samples.
3.3.6 Transferring the transgene into elite inbred lines resulted in reduced aflatoxin
production in the F1 crosses
To determine whether the increased aflatoxin resistance observed in the homozygous P2c5
and P2c13 was due to the presence of the transgene, pollen from the homozygous and null T4
generation of P2c5 and P2c13 plants were also used to pollinate 3 non-stiff stock background
(LH210, PHN46 and PHW79) and 3 stiff stock (LH195, LH197 and PHG39) elite inbred lines. In
crosses with non-stiff stock elite inbred lines, the resulting kernels of LH210 x P2c5H (homo) or
P2c13H produced significantly less aflatoxins compared to those in the kernels of LH210 x
P2c5N (null) or P2c13N with P= 0.0205 and P=0.0039, respectively, under field inoculation
conditions (Figure 3.8A). Up to 60% reduction in aflatoxin production was observed in both
events. The aflatoxin level in the kernels of PHN46 X P2c5H was significantly lower than that in
kernels of PHN46 X P2c5N with P=0.0019 after log transformation of the raw aflatoxin data
(Figure 3.8B). Under field inoculation conditions, the kernels of PHW79 x P2c5H (homo) or
P2c13H crosses produced significantly less aflatoxin compared to those in the kernels of PHW79
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x P2c5N (null) or P2c13N with P= 0.0097 (log transformation) and P= 0.0001, respectively
(Figure 3.8C). In crosses with stiff stock lines (LH195, LH197 and PHG39) and under field
inoculation conditions, the resulting kernels of LH195, LH197 and PHG39 X P2c5H or P2c13H
crosses produced significantly less aflatoxin compared to those in the kernels of LH195, LH197
and PHG39 X P2c5N (null) or P2c13N crosses with P values ranging from 0.0001 to 0.0101
(Figure 3.8E, D and F).
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Figure 3.8. Aflatoxin production in the crosses between six different elite lines with P2c5
(homozygous, H, and null, N) or P2c13 (H and N) lines under field inoculation conditions. At
least 8 ears per treatment were collected. Kernels from each half ear were ground and three
subsamples were analyzed for aflatoxin levels using HPLC. Data presented here are the mean and
standard errors of at least 24 replicates for each cross. Bars with the same letter are not
significantly different at P≤0.05. All of the analyses were done using non-transformed raw data
except those from PHN46 x P2c5H and PHN46 x P2c5N, which were log transformed to reduce
sample variation.
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The number of kernels and the average weight per ear of the above crosses were also
analyzed to determine whether the transgene had any negative impact on yield in the crosses or
not. The results showed that the presence of transgene had no significant impact on the mean
kernel weight or the average number of kernels per ear (Table 3.5).
Table 3.5. Seed number and weight of crosses between the 6 elite inbred lines with P2c13.
Genotype

Number of
replications

Means of number
Pr>F
of kernels per ear *

L210XP2c13
L210XP2c13null
PHN46XP2c13
PHN46XP2c13null
LH195XP2c
LH195X P2c13null
LH197XP2c
LH197XP2c13null
PHW79XP2c
PHW79XP2c13null
PHW39XP2c
PHG39XP2cnull

3
4
4
3
3
5
3
6
3
3
4
3

319.67A
301.54A
335.00A
310.15A
472.00A
401.55A
352.07A
399.02A
252.33A
289.15A
291.89A
248.33A

0.7230
0.7102
0.8518
0.8167
0.8782
0.8894

Mean of
weight per ear
(g) *
92.00A
89.15A
90.56A
85.91A
109.28A
107.09A
83.83A
90.01A
85.33A
88.43A
85.77A
81.76A

Pr>F

0.7521
0.8123
0.9310
0.8571
0.4973
0.9415

*Means of kernel weight and number of kernels per ear were based on the measurement and count
of kernels per ear. Means within the column followed by the same letter were not significantly
different based on Waller–Dunncan K-ratio t-test (at P ≤ 0.05).
3.3.7 High levels of gene-specific small RNAs were detected in the transgenic leaf and
kernel tissues
In order to determine whether the enhanced aflatoxin resistance in the homozygous
transgenic kernels compared to the null was due to the presence of p2c specific small RNA
produced from the introduced RNAi cassette, small RNAs from T0 and T3 leaf tissues and from
T4 kernel tissues were sequenced and analyzed. The total number of reads for the libraries from
P2c13 homo and null was about 24 and 23 million (Table 3.6), respectively, and the total number
of reads for B104 was over 62 million. After filtering out the reads that were aligned to the maize
genome, 857 reads from the leaf tissue of P2c13 homo transgenic plants specifically aligned to
the p2c target gene, compared to 0 p2c-specific reads observed for the null B104 and null P2c13
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controls (Table 3.6). The total number of small RNA reads derived from the immature kernel
tissues of T4 generation P2c5 and P2c13 were 1,612,732 and 2,260,183 (Table 3.6), respectively.
One hundred and seventy-nine and 467 reads were p2c-specific for the P2c5 and P2c13 events,
respectively (Table 3.6), whereas only 4 and 30 p2c-specific reads were observed for the null
P2c5 and null P2c13 controls (Table 3.6), respectively. These results are consistent with data
obtained from T0 leaf tissue of P2c5 and P2c13 that were collected in 2013 from greenhouse
grown plants (Table 3.6). These data support that the observed enhanced aflatoxin resistance in
the homozygous transgenic lines is due to the presence of high levels of gene specific small
RNAs.
Furthermore, the distribution of p2c-specific small RNAs on the target gene was also
examined in P2c5 and P2c13 (Figure 3.9A and C). Based on the small RNA distribution map,
most of the small RNAs appeared to be generated from a few hot spots in the 220 bp target
sequence. The results of the small RNA distribution in the target gene were similar for both
events (Figure 3.9A and C). However, the two most abundant small RNAs in P2c5 were 21 nt and
24 nt in length (Figure 3.9B), whereas in P2c13, the most abundant two small RNAs were 21 and
22 nt in length (Figure 3.9D).
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Figure 3.9. Small RNA profiling (RNAseq analysis) of p2c target genes in transgenic maize leave
tissue. Small RNA libraries constructed from total RNAs isolated from P2c5 (A) or P2c13 (C)
leaf tissues containing the p2c gene were sequenced and mapped to the target sequence of p2c.
Read length distribution of gene specific sRNAs from P2c5 (B) and P2c13 (D) mapped to p2c.
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Table 3.6. Number of small RNA reads in leaf tissues and immature kernel tissues of transgenic and non-transgenic maize lines.
Tissue type*
Events
Total read
Reads aligned Reads aligned
Reads aligned Reads
to maize
to A. flavus >1 to A. flavus 1
aligned to
genome
times
time
p2c
Leaf tissue (T0) P2c5
1,901,507
1,435,443
144
5,144
1,944
collected in
P2c13
1,612,859
1,099,847
94
1,707
642
2013
P2c4 (null)
999,352
629,304
51
94
0
Leaf tissue (T3)
collected in
2016

Immature
kernels (T4)
collected in
2017

P2c13 homo

24,861,030

23,548,934

7,203

8,107

857

P2c13 null

30,795,339

29,030,160

17,516

26,750

0

B104 (WT)

62,902,688

1,179,007

5,285

6,236

0

P2c5 homo

1,612,732

902,349

78

703

179

P2c5 null

2,119,100

1,304,201

148

218

3

B104 (WT)

1,367,547

796,105

670

732

0

P2c13 homo

2,260,183

1,561,037

105

1,595

467

P2c13 null

376,697

159,395

76

273

30

B104 (WT)

1,336,547

769,105

670

732

0

* The small RNA libraries from T3 leaf tissues collected in 2016 were sequenced on Illumina HiSeq 2500 Platform at North Carolina
State University and the small RNA libraries from T0 leaf tissues collected in 2013 and T4 immature kernel tissues collected in 2017
were sequenced on Illumina HiSeq 4000 Platform in 2017 at UC Davis.
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3.4 Discussion
The present study examined changes in aflatoxin resistance of T1 and T2 kernels from 11
independent events, and four of them were further self-pollinated to homozygous T3 and T4
generations for further studies. The homozygous transgenic T3 and T4 kernels from P2c5 and
P2c13 events showed significant reduction in aflatoxin production under field and laboratory
inoculation conditions. When the p2c transgene from these two events were crossed with the elite
inbred lines, the resulting crosses also exhibited enhanced aflatoxin resistance under field
inoculation conditions, demonstrating the observed enhanced aflatoxin resistance in the
homozygous transgenic lines was due to the presence of the p2c transgene introduced through the
HIGS construct. Further small RNA sequence analysis revealed that the non-A. flavus inoculated
homozygous leaf and kernel tissues of these two transgenic events also contained high levels of
p2c specific small RNA compared to null and B104 controls, indicating that HIGS construct
targeting p2c can be used to mitigate aflatoxin contamination in maize. My study also
demonstrates that the presence of p2c transgene did not cause any clear negative impact on
number or weight of kernels per ear, nor any morphological or developmental abnormalities in
these HIGS transgenic lines when compared with wild type (B104) and null.
During initial evaluation of 11 deferent transformation events and later in depth evaluation
of the progenies from P2c5 and P2c13 events, it was observed that transgenic lined developed
from different events had different efficacy in reducing aflatoxin accumulation. The transgenic
kernels from the P2c13 event always produced less aflatoxin than those from the P2c5 event. One
possible reason might be the copy number effect. Initial screening the target p2c gene copy
number using real time PCR indicated that P2c5 might have multiple copies number of the target
gene (Table 3.3). The droplet digital PCR analysis was performing using the same genomic DNA
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samples, which confirmed the results from real time PCR that P2c5 event has 2 copies of
integration and P2c13 has a single copy of integration. The data from droplet digital PCR pointed
to a possible dosage (copy number) effect on levels of resistance. To confirmed our theory, the
correlation of small RNA of P2c5 and P2c13 were calculated, it was clear that in immature kernel
P2c5 produced less small RNA than P2c13 (Table 3.4). Another possible reason for P2c5 always
producing more aflatoxin than P2c13 is the different locations of the integration of the T-DNA
into the genome between the two events (position effect).
The average 60%-90% reduction in aflatoxin contamination reported in this study was
based on three years of field and laboratory inoculation studies to minimize the environmental
impact on host resistance and on A. flavus virulence. It has been well documented that high
temperature, drought and insect damage promote A. flavus infection and aflatoxin production
while reducing maize resistance (Marsh and Payne, 1984; Warburton and Williams, 2014). The
aflatoxin levels in the inoculated transgenic lines as well as in the F1 crosses with the elite inbred
lines are significantly lower than their controls, but are still much higher than the maximum level
of 20 ppb limit set by FDA for interstate commerce. Part of the reason for these high levels of
aflatoxin in the inoculated samples was due to the extremely high concentration of inoculum used
in the study (4x106 to 1x105/ml). We believe the aflatoxin levels in these transgenic lines under
natural infection will be much lower since the conidia concentration of A. flavus in the air under
natural infection conditions is likely a million times less than the inoculum used in the present
study (Schweer et al., 2016).
Natural infection of developing maize kernels by A. flavus is often sporadic and varies
greatly from year to year, which cannot provide a reliable assessment of changes in maize
aflatoxin resistance under field conditions. As a result, different artificial inoculation methods
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have been developed in the past to evaluate maize aflatoxin resistance, such as pinbar inoculation,
side-needle inoculation, and silk channel inoculation (Marsh and Payne, 1984; Campbell and
White, 1994; Williams et al., 2013). Different inoculation techniques would inﬂuence the route of
infection and, potentially, disease severity by altering how the fungus enters the kernel and which
tissue it comes into contact with initially (Dolezal et al., 2013; Williams et al., 2013). Although
pin-bar inoculation ensures a higher success rate of infection in the ﬁeld, it should be recognized
that this method is invasive since it compromises the kernel’s natural defenses by penetrating the
pericarp and aleurone layers, and allowing mycelia to directly grow into the endosperm (Parsons
and Munkvold, 2010; Dolezal et al., 2013). In this study, a less invasive side-needle inoculation
method was used to allow infection of immature maize kernels more closely approximates natural
conditions. This method has also been widely used (Windham and Williams, 1998; Williams et
al., 2013). The side-needle inoculation method breaches the physical barrier that maize uses to
protect against A. flavus infection and delivers the conidia to the endosperm and embryo tissues
directly, avoiding the need of A. flavus to employ chitinases, alkaline proteases, and pectinases,
such as p2c to breach the maize physical barrier and to gain access to nutrients. It is a surprise to
see that significant reduction in aflatoxin production was still observed in the transgenic maize
lines when the kernel physical barrier was breached during needle inoculation, indicating p2c
activity is needed even after A. flavus enters the maize kernels. Further study to determine the
changes in p2c enzymatic activity and the difference in fungal growth between transgenic and null
lines will be needed to better understand how reduced aflatoxin production was achieved since
p2c has no known role in aflatoxin biosynthesis.
Analysis of sequences from small RNA libraries constructed from T0 and T3 leaf tissue as
well as from T4 kernel tissue confirmed the presence of high levels of gene-specific small RNAs
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in the transgenic leaf and kernel tissues compared to B104 and the null controls. These high levels
of p2c-specific small RNAs can only come from the HIGS RNAi cassette (Table 3.6). Future
studies should use seed-specific promotor to increase the level of small RNAs in the kernel tissues
since higher levels of gene specific small RNAs in kernel tissue of P2c13 event appears to
contribute to less aflatoxin contamination compared to P2c5 (Table 3.6).
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CHAPTER 4. HOST INDUCED GENE SILENCING TARGETING
Aspergillus flavus aflM REDUCED AFLATOXIN CONTAMIANTION IN
TRANGNIC MAIZE UNDER FIELD CONDITIONS
4.1 Introduction
Maize (Zea mays L.) is one of the major agricultural crops worldwide. Maize is cultivated
on about 191.2 million ha of land worldwide in 2018 with the United States accounting for
17.3%. Worldwide maize production reached 1,078 MMT in 2017 and was expected to reach
1,123 MMT in 2018, with United States maize production accounting for 32.6 to 34.4%,
according to the latest released report release by USDA-Foreign Agricultural Service
(www.fas.usda.gov/psdonline). However, global maize production is under constant threat of
various diseases. One of them is infection by A. flavus and subsequent contamination with
aflatoxins, the most potent naturally occurring toxic secondary metabolites, which are known to
cause liver cancer in humans (Squire, 1981; Robens and Richard, 1992; IARC, 2012; Moradi et
al., 2015).
Aflatoxin contamination has led to public outbreaks of aflatoxicosis. In 2004, hundreds of
people died from consuming contaminated maize in Kenya and hundreds of dogs in the United
States died in 2006 from eating aflatoxin contaminated feed (Richard, 2008). Currently there are
no effective controls that can completely eliminate aflatoxin contamination in maize and other
susceptible crops. The use of chemicals to control A. flavus infection and subsequent aflatoxin
contamination is ineffective (Wheeler et al., 1991; Bruns and Abbas, 2006). Biocontrol is the only
measure known to reduce aflatoxin contamination in the field, but its efficacy varies depending on
moisture and timing of application (Moore et al., 2011). Although conventional breeding has
greatly improved yields, elite breeding lines remain susceptible to aflatoxin contamination.
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Transferring polygenic resistance currently available in maize into elite breeding lines has been
met with limited success due to linkage drag and incomplete resistance (Warburton et al., 2011;
Mylroie et al., 2013).
Several studies have found that small RNAs, including both small interfering RNA
(siRNA) and micro RNA (miRNA), travel between cells via plasmodesmata and systemically
throughout the plant as mobile silencing signals, to regulate cellular processes, host defense,
transcription and translation (Dunoyer et al., 2010; Pyott and Molnar, 2015; Rosas-Diaz et al.,
2018). Several studies have also found that siRNA in the diet or medium can be transported
across cellular membranes and affect target gene expression in Caenorhabditis elegans (Tabara et
al., 1998) or Aspergillus nidulans (Khatri and Rajam, 2007), respectively. Further studies
demonstrated movement of siRNA molecules between a parasite and its host plant (Tomilov et
al., 2008), or between herbivorous insects and the host plant engineered to express dsRNAs
targeting vital insect genes (Baum et al., 2007).
The major breakthrough in applying RNAi to control plant fungal diseases came from two
studies. Tinoco et al. (2010) reported the suppression of gus gene expression in a GUStransformed fungus Fusarium verticillioides when it was inoculated onto transgenic tobacco
plants expressing an RNAi construct targeting the gus gene. Another study was by Nowara et al.
(2010) who reported reduced fungal infection by the powdery mildew fungus Blumeria graminis
by expressing a silencing construct targeting the fungal effector gene Avra10 in susceptible barley
and wheat. This cross-kingdom RNAi based gene silencing phenomenon is called host induced
gene silencing (HIGS), which has been demonstrated to successfully suppress disease
development caused by fungi (including biotrophs, hemibiotrophs and necrotrophs) as well as
oomycetes (Govindarajulu et al., 2015; Park et al., 2016; Song and Thomma, 2016). Panwar et
61

al.(2013) reported suppression of the wheat leaf rust fungus, Puccinia triticina when genes
involved in pathogenicity were targeted. Later, Ghag et al. (2014) showed that transgenic banana
producing small interfering RNAs (siRNAs) targeting vital fungal genes increased its resistance
against Fusarium oxysporum f.sp. cubense. Jahan et al. (2015) further demonstrated successful
control of Phytophthora infestans in potato using the same strategy. This strategy also improved
plant resistance in a recent study against verticillium wilt, an economically important and
notoriously hard to control disease that affects a wide range of host plants (Song and Thomma,
2016). These studies convincingly demonstrated that small RNA trafficking between plants and
fungal pathogens provides a new and powerful tool to control plant diseases. In addition, some
limited success of using HIGS to suppress aflatoxin production in maize by targeting aflR
(encoding a key regulator of aflatoxin biosynthetic pathway) or aflC (encoding a polyketide
synthase involved in the initial steps of aflatoxin biosynthesis) or amy1 (encoding an alphaamylase involved in fungal infection) of A. flavus has been reported (Masanga et al., 2015;
Thakare et al., 2017; Gilbert et al., 2018). The lack of field confirmation and/or possible off-target
effects of these studies, however, weakened the validity of these RNAi-based gene silencing
strategies in managing aflatoxin contamination in maize.
Therefore, the objectives of the present study are to suppress through host induced gene
silencing a different aflatoxin biosynthetic pathway gene ver-1(aflM), which was highly
expressed and was involved in the later steps of aflatoxin biosynthesis (Yu, 2012), to a) determine
its ability in reducing aflatoxin contamination in progenies under both laboratory and field
conditions, b) determine whether the transgene can reduce aflatoxin production when transferred
to elite inbred lines, and c) determine whether the reduced aflatoxin contamination was due to the
presence of gene specific small RNA from the HIGS construct.
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4.2 Materials and methods
4.2.1 Construction of HIGS vector for suppressing aflM gene expression
AflM (ver1) from A. flavus AF13 (gene accession number XM_002379900) was selected
in this work. This gene encodes a versicolorin dehydrogenase that is involved in in the conversion
of versicolorin to demethyl-sterigmatocystin in later steps of aflatoxin biosynthesis (Yu et al.,
2004; Yu and Ehrlich, 2011). To clone the gene into a Gateway-based vector (Chen et al., 2010),
the 5′ and 3′ arms were selected from the coding region of the versicolorin dehydrogenase gene
and were amplified using PCR with homologous recombination sites (italicized) attached to the
end of the gene-specific primers (Table 4.1). Briefly, the 5′arm was amplified with attB4-Ver1F
and attB1-Ver1R in the A. flavus ver1 cDNA clone as a template, and the 3′ arm was amplified
with attB2-Ver1F and attB3-Ver1R in a similar manner. The 5′ and 3′ arms from each
construct were then ligated into pDONR P4-P1R and pDONR P2R-P3 (Invitrogen, Carlsbad, CA,
United States), respectively, through BP clonase reactions, according to the manufacturer’s
instruction. The resulting vectors were named pENTR-L4-5′arm-R1 and pENTR-R2-3′armL3,
respectively. A MultiSite Gateway LR recombination reaction was performed with the four
vectors pBS-d35S-attR4-attR3, pENTRL4-5′arm-R1, pDONR221-PR 10-intron-CmR (Chen et
al., 2010) and pENTR-R2- 3′arm-L3, according to the manufacturer’s instructions. The reaction
mixture was transformed into TOP10 Escherichia coli cells and selected on LB plates containing
100 mg/mL ampicillin and 30 mg/mL chloramphenicol. The resulting vector pBS-aflM-RNAi
(pBS-d35S-attB4-5′arm-attB1-PR 10 intronCmR-attB2-3′arm-attB3) was then verified
through restriction digestion and sequencing before digesting the vector with EcoRI and SacI to
remove the DNA region containing the aflM-RNAi cassette, which was then ligated into the
corresponding sites of pTF102 (Frame et al., 2002), to generate the final RNAi vector pTF10263

aflM-RNAi, which was further verified through digestion, before being used in maize
transformation.

Figure 4.1. Construction scheme of versicolorin (ver-1/aflM) gene silencing vector. The pBSd35S- R4-R3 vector containing a double 35S promoter, followed by an attR4-ccdB-CmR-attR3
cassette amplified from pDESTTM R4-R3 (Invitrogen, Carlsbad, CA) in the pBluescript SK- was
constructed in an earlier study (Chen et al., 2010). The DNA regions corresponding to the aflM 5
′arm and 3′ arm were amplified by PCR with primers containing unique homologous
recombination sites cloned into their corresponding entry vectors. They were recombined with
pDONR221-PR 10-intron-CmR (Chen et al., 2010) containing a chloramphenicol resistance gene
(CmR) selection marker in the middle of the PR10 intron through the LR clonase reaction to
assemble the RNAi cassette into the pBluescript vector to produce the pBS-d35S-attB4-5′armattB1-PR10 intron-CmR-attB2-3′arm-attB3 vector (named pBS-II-AflM-RNAi).. The RNAi
cassette was then cloned into the pTF102 vector through ligation to produce the final pTF102aflM-RNAi vector. This figure was modified from Chen et al (2010).
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4.2.2 Transformation of HIGS vector into maize
Genetic transformation of maize inbred B104 was performed by Plant Transformation
Facility (PTF) of Iowa State University as described by Frame et al. (2000). Regenerable type I
calli were subcultured, and fertile transgenic plants were recovered following selection on
bialaphos-containing medium (Frame et al., 2000; Chen et al., 2010). The regenerated transgenic
plants were pollinated with pollen from B104 between April to May of 2013, and ears from all
seven independent transgenic events were harvested in June 2013.
4.2.3 Confirmation of transformation and target gene expression
Genomic DNA was isolated from ground leaf tissues (100 mg) developed from transgenic
kernels of all seven independent transformation events using a modified CTAB method as
describe by Doyle and Doyle (1987). The quality and quantity of the isolated total DNA was
determined using a Nano-Drop ND-1000 Spectrophotometer (Thermo Scientific, Wilmington,
DE, United States). DNA was diluted to the same concentration (50 ng/µL) and used as a
template for PCR using specific primers corresponding to the aflM gene (Ver-1-F and Ver-1-R,
Supplemental Table 1). The reaction was prepared at 1× final concentration in a 20 µL volume
containing 0.4 µM of each primer and 1 µL of template. Expression of the target gene in
developing leaves of young transgenic maize plants was confirmed using reverse transcriptase
polymerase chain reaction (RT-PCR). Total RNA was isolated from plants of all 7 events and
B104 wild type, which was used as a negative control. A reverse transcription cDNA RT kit (Life
Technologies, Carlsbad, CA, United States) was used for quantitative real-time polymerase chain
reaction (qRT-PCR) analysis follow the manufacture’s protocol. cDNA was used as a template
for real time PCR using RT-Ver-F and RT-Ver-R (Table 4.1). The expression level of the maize
18S rRNA gene (accession AF168884) was used as an internal control to normalize the level of
target gene expression. The amplification efficiency of each primer pair used in this study was
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determined through serial dilutions, and this was taken into account in calculating target gene
expression if it was outside the ideal efficiency range. The transgenic events confirmed positive
for transformation were used in the studies described below.
4.2.4 Evaluation of aflatoxin resistance in different generations of transgenic maize
kernels
Of the seven dependent transformation events received from Iowa, three events with the
highest (aflM10, aflM14 and aflM16) and one event with the lowest (aflM13) levels of aflM gene
expression were selected for the initial screening of the T1 generation of transgenic maize kernels.
After surface sterilization of the kernels as described in the kernel screening assay (KSA) by
Brown et al. (1993), 10 to 15 seeds per event were inoculated with 4 x 106 conidia/mL of A.
flavus toxigenic strain AF13 (ATCC 96044, SRRC 1273), and incubated at 30℃ under 100%
humidity. After seven days of incubation, kernels were dried at 65℃ for 72 hrs to stop the fungal
growth and ground for aflatoxin extraction using MeOH as described by Sobolev and Dorner
(2002). Aflatoxin was quantified using a high performance liquid chromatography (HPLC)
according to Joshua (1993). Genomic DNA was also isolated from ground kernel powder of
individual kernels after aflatoxin extraction to determine whether it contained the target gene or
not.

Another fifteen T1 kernels from each of the above four events were sown in pots filled
with potting mix (Marysville, OH, United State) in a greenhouse for seed increase in spring of
2015. Five to eleven seedlings from each event that were verified by PCR to contain the aflM
gene were transplanted to a field for self-pollination by hand. Twenty-five kernels per event from
the resulting T2 ears were tested for aflatoxin accumulation using KSA as described above. DNA
isolation and verification for presence of the transgene was conducted on individual kernels for
which aflatoxin data were obtained. T2 seeds (45 kernels/event) were increased to T3 in the field
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in spring of 2016, and from T3 to T4 in the field (60 kernels/event) in 2017 for two of the events
(aflM14 and aflM16). In 2018, homozygous lines of these two events were crossed with four elite
inbred lines (LH195, LH197, LH210 and PHW79) to determine whether the transgene can reduce
aflatoxin production in the resulting crosses.
4.2.5 Transgene copy number assessment using real time PCR and droplet digital
PCR
Besides PCR confirmation of the presence of the target gene in genomic DNA extracted
from transgenic seedling leaf tissues, transgene copy number (C) as described below was also
determined for T0 leaf tissues collected from each transformation events that contained the target
gene using real time PCR. TaqMan real-time PCR primers (Supplemental Table 1) specific to the
aflM and to the endogenous single copy alcohol dehydrogenase gene (adh1) as a reference were
used to quantify the relative ratios of aflM/adh1 with the fluorogenic TaqMan probes. Real-time
PCR was performed in an ABI Prism 7000 Sequence Detection System (Applied Biosystems,
Foster city, CA, United States) in a final volume of 25 µL containing 1 x TaqMan Universal PCR
Master Mix (Applied Biosystems), 200 nM of each primer, 100 nM of probe and 150 ng of
genomic DNA under the following conditions: 50°C for 2 min, 95°C for 10 min, and 40
amplification cycles of 95°C for 15 sec, and 55-60°C for 1 min depending on primers. Three
technical replicates were included for each sample. Copy number was calculated as C= 2T0 Ct (adh)T0 Ct (aflM)

. Here, T0 Ct (adh) is the threshold cycle number of the adh1 reference gene in T0 leaf

tissue. To distinguish between heterozygous and homozygous plants among the T2 seedlings,
Zygosity (Z) was calculated by comparing the Ct values of T2 plants to T0 plants from the same
events using the following equation: Z= 2[T2 Ct (adh) -T2 Ct (aflM)]-[ T0 Ct (adh) - T0 Ct (aflM)] (Bubner and
Baldwin, 2004).
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To obtain more precise assessment of transgene copy number, the droplet digital PCR was
also performed on the genomic DNA extracted from following samples: aflM14 (T0), aflM14
(T4), aflM16 (T0), aflM16 (T4) and aflM17 (T0) using the same real-time PCR primer and probe
sets with the bar gene as the target gene and the adh gene as a reference to quantify the transgene
copy number in the T0 and T4 (homozygous) transgenic plants at the Interdisciplinary Center for
Biotechnology Research, University of Florida, Gainesville, FL (Hindson et al., 2011; Głowacka
et al., 2016; Xu et al., 2016; Collier et al., 2017).
4.2.6 Cross transgene into elite inbred lines for field inoculation
To further verify whether the reduced aflatoxin production observed in the homozygous
transgenic lines was due to the presence of the transgene, two non-stiff stock (LH210 and
PHW79) and two stiff-stock (LH195 and LH197) elite inbred lines were pollinated with pollen
from T4 generation homozygous and null aflM14 and aflM16 plants, and the resulting ears were
inoculated 2 weeks after pollination at the Louisiana State University Agricultural Center Botanic
Gardens, Baton Rouge, LA.
For the self-pollinated T3 and T4 generation of aflM14 and aflM16 plants, homozygous,
heterozygous and non-transgenic grown in 2016 and 2017, respectively, and for crosses of the
above four elite lines with homozygous plants and null of aflM14 and aflM16 in 2018, eight to
ten ears from each line were inoculated with 3.4 mL/per ear of A. flavus AF13 conidial
suspension at four injection sites in the mid-ear using an Indico tree-marking gun (Forestry
Suppliers, Jackson, MS, United States ) with a 15-gauge hypodermic needle. Kernels from noninoculated ears in the field were also collected each year and used as controls. The inoculum
concentration used for field inoculation in 2016 was 4 x 106 conidia/mL in 0.01% (w/v) SDS,
which was adjusted to 1 x 105 conidia/mL for 2017 and 2018 due to extremely high levels of
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aflatoxins detected in inoculated kernels from 2016. Four intact kernels surrounding the
inoculation sites were recovered after maturing and used for aflatoxin extraction and analysis for
2016 and 2017. For crosses in 2018, at least eight ears per treatment were collected. Kernels from
half of each ear were mixed and ground, and three subsamples were analyzed for aflatoxin levels
using HPLC.
4.2.7 Aflatoxin extraction and quantification using HPLC
Maize kernels used for aflatoxin analysis were first ground into a fine powder with a
coffee mill (Mr. Coffee) and then ~60 to ~1000 mg of ground powder was weighed and added to
a 50 mL flask containing 25 mL of an 80 : 20 methanol : water (HPLC grade) mixture, which was
shaken at approximately 112 rpm at room temperature for 1 hour. The extract was then ﬁltered
through 100-mm No. 1 Whatman filter paper into a 50-mL glass beaker. One hundred µL of the
extract was then diluted 10 fold with 100% methanol in a 1.5 mL tube and mixed well before
being filtered through a 1.5-mL alumina-basic column (Sobolev and Dorner, 2002) and used for
injection into HPLC for aflatoxin analysis.
The aflatoxin was quantified by reversed-phase HPLC as described in Sweany et al.
(2011). Ten microliters of each sample was separated using a Waters e2695 HPLC (Waters Corp.,
Milford, MA, United States) with a Nova-Pak C18 4 µm 3.9 x 150 mm column at 38°C. The
mobile phase was methanol : water (37.5 : 62.5) at a 0.8 mL/min flow rate. Each sample was run
for 16 minutes with the B1 peak emerging at approximately 13.5 minutes. The detection and
quantification of aflatoxin was achieved through an in-line post-column derivatization using a UV
right in a Photochemical Reactor for Enhanced Detection (Aura Industries Inc., New York,
United States) followed by excitation at 365 nm wavelength and 440 nm emission with a Waters
2475 FLR Detector (Waters Corp., Milford, MA, United States) (Joshua, 1993). Empower
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software (Waters Corp., Milford, MA, United States) was used to calculate the area under the
AFB1 peak. The peaks were manually assigned and aflatoxin quantity was calculated based on a
calibration curve calculated from 4 replications of serial diluted aflatoxin B1 standards at 1, 5, 50,
500 and 1000 ng/mL.
4.2.8 Small RNA library construction, sequencing and bioinformatics for detecting
gene specific small RNA
Total RNAs were isolated from T0 leaf tissues collected in 2013 of aflM14, aflM16 and
aflM11 (null), T3 leaf tissues of aflM14H, aflM16H, and B104, and the immature maize kernels
of the T4 plants collected from homozygous and null of aflM14 and aflM16 as well as B104 14
days after self-pollination. After grinding into powder, maize kernel DNA was extracted by
TRIzol reagent according to the manufacturer’s instructions and then cleaned with RNAeasy
Plant Mini Kit (QIAGEN, Hilden, Germany). The total RNA from maize leaf tissues was isolated
by RNeasy Plant Mini Kit (QIAGEN, Hilden, Germany). The total RNA was checked for quality
using a Nanodrop for small RNA library construction. Indexed sRNA libraries were constructed
from the enriched sRNA fractions with the TruSeq Small RNA Library Preparation Kits (RS-2000012, Illumina, San Diego, CA, United States) according to the manufacturer’s instructions.
Indexed sRNA libraries were sequenced on the Illumina HiSeq 2500 platform at the Genomic
Science Laboratory at North Carolina State University (Raleigh, NC, United States) in 2016 (T3
leaf tissues) and on Illumina HiSeq 4000 the Genomic Sequencing Core at UC Davis (Davis, CA,
United States) in 2017 (T0 leaf tissues and T4 kernels), respectively. The adapters and indexes
were trimmed using Cutadapt (Martin, 2011) version 1.12, and the reads were mapped to the
maize and A. flavus genome sequences using Bowtie (Langmead et al., 2009; Langmead and
Salzberg, 2012) to identify sRNAs with a perfect match. Awk command lines were used to extract
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small RNA specific to the targeted gene aflM. R (Team, 2013) was used to generate a sRNA
mapping figure.
4.2.9 Statistical analysis
Standard error was calculated using Excel (Microsoft Corp., Seattle, WA, United States).
Statistical analysis was conducted using SAS version 9.4 (Statistical Analysis System, SAS
Institute, Cary, NC, United States). Analyses of variance (ANOVAs) were calculated using Proc
Mixed. Post-hoc comparison of means was calculated using Turkey’s LSD means (Saxton, 1998).
Significance in this study was defined by a confidence interval ≥95% (α = 0.05). Raw aflatoxin
data were used directly in statistical analysis without transformation except those data from KSA
of T1 and T2 generation and from PHW79 x aflM16H and PHW79 x aflM16N, which were log
transformed to equalize variation between samples of the experiment.
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Table 4.1. List of primers used for constructing the Ti vector for suppressing the aflM and for
zygosity and droplet digital PCR.
Primer name
Oligonucleotide sequence (5′→3′)
Ver-1-F
Ver-1 R
RT-Ver-F
RT-Ver-R
Zm18S-F
Zm18S-R
attB4-Ver-F
attB1-Ver-R
attB2-Ver-F
attB3-Ver-R
d35S-F
RNAi-R
PR10-F
RT-Ver-F (Taq)
RT-Ver-R (Taq)
RT-Ver-probe*
RT-Adh1-F (Taq)
RT-Adh1-R (Taq)
Adh1-probe*
RT-Bar-F
RT-Bar-R
Bar-probe*

AACACCCGTGGCCAGTTC
ATGCCAGGAAGCTCACTACC
CACCTTTGTTCGCTGCATG
TGCTCATCGGTGAAAGTCTC
GAGAAACGGCTACCACATCCA
ACGCGCCCGGTATTGTTAT
GGGGACAACTTTGTATAGAAAAGTTGAACACCCGTGGCCAGTTC
GGGGACTGCTTTTTTGTACAAACTTGATGCCAGGAAGCTCACTACC
GGGGACAGCTTTCTTGTACAAAGTGGTTCAAAGGCGAGAGCCAA
GGGGACAACTTTGTATAATAAAGTTG AACACCCGTGGCCAGTTC
ATGACGCACAATCCCACTATCCT
GCCATACGGAATTCCGG
CACCTCAGTCATGCCGTTCA
GACTGCGGAGACAAGAAGAT
CTACCTGCTCATCGGTGAAA
FAM-TTTGGCTGT/ZEN/GTCGCGGGAGTATAT-IBFQ
CGTCGTTTCCCATCTCTTCCT CC
CCACTCCGAGACCCTCAGTC
HEX-AATCAGGGC/ZEN/TCATTTTCTCGCTCCTCA-IBFQ
GGAAGTTGACCG TGCTTGT
GATCTACCATGAGCCCAGAAC
FAM-CGATGTAGT/ZEN/GGTTGACGATGGTGCA-IBFQ

Italic letters indicate the homologous recombinant site that attached to the end of the gene specific
primer sequences. *: the probes were labeled with FAM (6-fluorescein) or HEX (hexachloro
fluorescein) at the 5′end and double quenched with ZEN and Iowa Black FQ (IBFQ).

4.3 Results
4.3.1 Construction and transformation of HIGS vector into maize
The HIGS vector was constructed as described in Figure 4.1 and the final construct with
inverted repeats of aflM fragment inserted was verified through digestions with EcoRV, MfeI, and
KpnI restriction enzymes (Figure 4.2). The fragment sizes estimated based on DNA markers were
in agreement with the expected fragment sizes of the correctly assembled vector when it is
digested with these enzymes, which were 2447 and 9085 bp; 299, 2447, and 8786 bp; and 1328
and 10204 bp, respectively. In addition, the correct assembly of the aflM inverted repeats in all
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four clones was also verified through sequencing with d35S-F, RNAi-R and PR10-F primers
(Table 4.1). This construct is capable of producing a 325-bp aflM dsRNA transcript with a 130-bp
single-strand loop in the middle, once the transcript is processed in the host plant.

The construct was transformed into immature embryos of maize inbred line B104 through
Agrobacterium infection in October of 2012. Twenty-three transgenic plants regenerated from
seven independent transformation events were pollinated from April to May of 2013, and mature
seeds were harvested in June 2013. Each event had one to six plants with a total of one to five
ears per event. All events except aflM11 were confirmed positive for the presence of the target
gene when genomic DNA from T0 plant leaf tissues was used as template (Figure 4.3A). Three of
the positive transformation events (aflM16, followed by aflM14 and aflM10) showed
significantly higher aflM target gene expression than the other events when the RNA extracted
from T0 plant leaf tissues was examined using qRT-PCR (Figure 4.3B). AflM9, aflM13 and
aflM17 had the lowest level of target gene expression (Figure 4.3B).
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Table 4.2. Variations in the number and average weight of T1 kernels among the 23 transgenic
lines from seven transgenic events of HIGS-aflM in B104 that were produced at Iowa State
University.
Event
Line name
Number of kernels
Kernel weight (g) *
aflM-9

aflM-10

aflM-11

aflM-13

aflM-14

aflM-16

aflM-17

per ear

(average)

aflM-9-1

13

0.2226

aflM-10-1

103

0.1747

aflM-10-3

70

0.1913

aflM-10-4

57

0.1508

aflM-10-5

33

0.1847

aflM-11-1

33

0.1968

aflM-11-3

16

0.1809

aflM-13-1

59

0.1999

aflM-13-2

20

0.2197

aflM-13-3

83

0.2011

aflM-13-4

72

0.1846

aflM-13-6

145

0.1807

aflM-14-3

53

0.1980

aflM-14-4

25

0.2238

aflM-14-5

13

0.2150

aflM-14-6

47

0.1637

aflM-16-2

76

0.2091

aflM-16-4

53

0.2150

aflM17-2

36

0.2134

aflM17-3

65

0.1945

aflM17-4

68

0.1998

aflM17-5

98

0.2005

aflM17-6
68
0.19056
*Average kernel weight was based on the weight of total kernel per ear.
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Figure 4.2. Restriction digestion of the pTF102-aflM-RNAi construct to confirm its correct
assembly. Lanes 2-5 were clones #1-4 digested with EcoRV, which resulted in the expected sizes
of 2447 and 9085 bp; lanes 6-9 were clones #1-4 digested with MfeI, which resulted in the
expected sizes of 299, 2447, and 8786 bp; and lanes 10-12 were clones #1-3 digested with KpnI,
which resulted in the expected sizes of 1328 and 10204 bp.
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Figure 4.3. Determining the presence and level of expression of the target gene in the T0
transgenic leaf tissues. A, PCR confirmation of the presence (+) or absence (-) of target gene in
versicolorin (ver-1, aflM) RNAi vector transformed T0 leaf tissues. AflM RNAi plasmid DNA
was used as a positive control and the genomic DNA from maize line B104 was used as a
negative (-) control. B, Expression of transgene aflM in the T0 leaf tissue of various
transformation events relative to 18S rRNA using real time PCR. AflM11 is negative for the
transgene.
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4.3.2 Characterization of T1 and T2 generations of transgenic seeds
Twenty-one ears were produced from the six events that were confirmed positive for the
transgene. The number of kernels ranged from 13 to 145 per ear, and average kernel weight
ranged from 0.15 to 0.22 g (Table 4.2). Ten to 15 T1 generation transgenic kernels from each of
the three events (aflM10, aflM14 and aflM16) with high levels of target gene expression and one
event (aflM13) with very low level of target gene expression in the leaf tissue were selected for
aflatoxin resistance analysis through KSA. Only the transgenic kernels from the aflM14 produced
significantly less aflatoxin than the kernels without the transgene (null) (Figure 4.4A). T1 seeds
from the aflM10, aflM13, aflM14, and aflM16 events were increased in the field in 2015 through
self-pollination to the T2 generation for further analysis. Up to 60% less aflatoxin B1 production
was observed using KSA in kernels from the T2 generation of aflM14 when compared with the
null (segregating non-transgenic) when analyzed using KSA (Figure 4.4B). The kernels from the
T2 generation of aflM16 also produced less aflatoxin (p=0.08) than the kernels from the null
control (Figure 4.4B).

77

Figure 4.4. Aflatoxin production of the T1 (A) and T2 (B) generation of transgenic seeds
containing aflM from four different events compared to null seeds under kernel screening assay
(KSA) conditions. Data presented are the mean and standard errors of ten replicates for each
event. Bars labeled with the same letters are not significantly different at P≤0.05. Transgene
represents the kernels that contain aflM. Null seeds for T1 are kernels from the same
transformation events without the presence of aflM, and for T2 are segregating non-transgenic
kernels from the same transformation events.
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4.3.3 Phenotypic assessment of transgenic plants
T1 to T2 generation plants from each of the four transgenic events were evaluated for
height and seed number per ear. Five to eleven plants per event were measured for height at the
silk stage. Three to ten ears per event were counted to determine seed number. Plant height (T1)
and seed number of T2 kernels per ear were not significantly different between transgenic and
non-transgenic plants and also among events (Figure 4.5A, B). The T3 generation transgenic
plants and the resulting mature ears (T4) harvested from these plants of aflM14 and aflM16
events also showed no phenotypic differences compared to null14 and null16 (Figure 4.5C and
D).

Figure 4.5. Phenotypic assessment of transgenic plants and mature ears. A. Average plant height
in aflM10, aflM13, aflM14, and aflM16 in comparison to the null aflM11 (null11) and B104
(wild type) controls at 50 days after planting at T1 generation. B. Average number of T2
generation kernels per ear of aflM10, aflM13, aflM14, aflM16 and aflM17 compared to null11
and B104 (wild type). Vertical bars represent standard errors of the means. Means with the same
letters are not significantly different between treatments at P≤0.05. C. Representative appearance
of plant height of null14, aflM14, null16 and aflM16 in T3 generation at 50 days after planting. D.
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Representative appearance of dehusked mature maize ears from null14, aflM14, null16 and
aflM16 at harvest (T4).
4.3.4 Aflatoxin production in T3 and T4 generation homozygous seeds
Mature kernels from non-inoculated ears grown in the field in 2016 (T3) and in 2017 (T4)
were ground and analyzed for aflatoxin levels in these kernels under natural infection. Only very
low levels (<0.6 ppb for aflM16 in 2016 and <0.04 ppb for both lines in 2017) of aflatoxin was
detected in those kernels, and there was no difference between transgenic lines and the null
controls (Figure 4.6 A, B). However, significantly high levels of aflatoxin were detected after
these kernels were surface-sterilized and incubated under 100% humidity at 30 °C for 7 days
without inoculation (Figure 4.6C, D), indicating the presence of sufficient levels of A. flavus
inoculum inside the naturally infected kernels. It is also clear that the transgenic kernels had
significantly lower levels of aflatoxin than their null controls for both events from both years
(p≤0.003-0.05), with 54.2 to 95.3% reduction in aflatoxin production compared to that in null
kernels (Figure 4.6 C, D).

Mature kernels from field inoculated T3 and T4 generation ears were also analyzed for
aflatoxin levels. The field-inoculated T3 generation kernels homozygous for aflM showed
significantly reduced (up to 42.2-76.4%) aflatoxin contamination compared to kernels from the
null (segregating non-transgenic) (P≤0.04) for both aflM14 and aflM16 events (Figure 4.7A).
Homozygous transgenic kernels from T4 generation also contained significantly less (68.0%
reduction) aflatoxin than the null control under field inoculation conditions in 2017 (p≤0.04)
(Figure 4.7B). Overall, significant reduction in aflatoxin production was observed for transgenic
maize lines in field inoculation and in incubation of naturally infected kernels under KSA
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conditions. These results demonstrated clearly that HIGS targeting of the aflM gene significantly
reduced aflatoxin production in the homozygous transgenic kernels.

Figure 4.6. Aflatoxin production in the transgenic and null kernels of two different events in 2016
and 2017. Aflatoxin production in T3 (2016) generation (A, C) and T4 (2017) generation (B, D)
transgenic and null kernels (without aflM) under field natural infection (A, B) and after
incubation under laboratory Kernel Screening Assay conditions without inoculation (C, D). Data
are the mean and standard errors of 12-36 replicates for each event. Bars with different letters are
significantly different at P≤0.05. Transgene represents the kernels that contain aflM gene. Null
represents the segregating non-transgenic kernels in the same event.
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Figure 4.7. Aflatoxin production in the transgenic and null kernels of two different events in 2016
and 2017 under field artificial inoculation conditions. Aflatoxin production in T3 (2016)
generation (A) and T4 (2017) generation (B) transgenic and null kernels without aflM under field
inoculation condition. Data are the mean and standard errors of 28-36 replicates of each event.
Bars with different letters are significantly different at P≤0.05. Transgene represents the kernels
that contain aflM gene. Null represents the segregating non-transgenic kernels in the same event.
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4.3.5 Zygosity and aflM transgene copy number estimation in different
transformation events
In order to identify homozygous T2 seedlings from the segregating T2 population for seed
increase, genomic DNA from T2 seedlings and T0 leaf tissues of the two events was used to
determine the threshold number of cycles of adh reference gene and the target aflM gene in each
of the samples, which were then used to estimate zygosity of the T2 plants based on the ratio of
aflM copy number in T2 vs in T0: 2[(T2 Ct (adh)-T2 Ct (aflM)]-[T0 Ct (adh)-T0 Ct(aflM)] (Table 4.3). The ratio for
homozygous seedlings from AflM14 event ranged from 1.90-2.03 and for the AflM16 event was
from 6.40 to 6.55. This high value indicated the possible presence of multi-copies of target gene
in the AflM16 event. However, our number of transgene integrations based on target gene
segregation in T2 seedlings and Chi-square analysis indicated that both events have a single
integration (Table 4.4). To resolve this apparent conflicting information, the more accurate,
Southern blot hybridization equivalent, droplet digital PCR was also performed to verify the copy
number of the above transgenic lines using genomic DNA from T0 and T4 seedlings. The ratio of
calculated gene copy number of bar/adh1 for genomic DNA samples from aflM14(T0),
aflM16(T0), aflM17(T0) ranged from 0.5-0.54 (Table 4.5), confirming these three events are
single-copy hemizygous for the transgene. The droplet digital PCR also confirmed that
aflM14(T4) and aflM16 (T4) are homozygous for the transgene based on the ratio of calculated
gene copy number of bar/adh1 (ranging from 0.86 to 0.96) (Table 4.5).
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Table 4.3. Zygosity estimation of T2 seedling population from both aflM14 and aflM16 events
using real time PCR.
Independent transgenic
2(T2 Ct (adh)-T2 Ct (aflM)/2(T0 Ct (adh)-T0 Ct(aflM)
plant
Heterozygous
Homozygous
Ratio
aflM14-1
0.87 ± 0.14
1.90 ± 0.11
1:2.2 ± 0.22
aflM14-2
1.05 ± 0.07
2.03 ± 0.05
1:1.9 ± 0.14
aflM16-1
3.09 ± 0.02
6.55 ± 0.46
1:2.1 ± 0.13
aflM16-2
3.12 ± 0.01
6.40 ± 0.04
1:2.04 ± 0.02
Table 4.4. Transgene copy number analysis based on genotyping of seedlings developed from
self-pollinated T3 generation ears and chi-square analysis.
Event
aflM14
aflM16
Observed Expected Expected
Observed Expected Expected
(1 copy) (2 copy)
(1 copy) (2 copy)
Seedlings with transgene
66
69
86.25
68
74.25
92.81
Seedlings without transgene
26
23
5.7
31
24.75
6.1
Total number
92
92
92
99
99
99
X2
0.52
77.05
2.49
109.38
P
0.4701
<0.0001
0.1142
<0.0001
Estimated copy number
1
1
Copy number was estimated based on probability of calculated chi-square Χ2 = ∑ (observedexpected)2 / (expected) exceeding the critical value to reject or accept the null hypothesis of being
one or two copies. Segregation of seedlings with transgene and without (null) is expected to be
3:1 (transgene: null) for single copy or 15:1 for two copies.
Table 4.5. Transgene copy number analysis through droplet digital PCR of genomic DNA from
leaf tissues of T0 and T4 transgenic plants.
Event
Bar copy/20 µL
Adh copy/20 µL
Bar/Adh Copy number
aflM14 (T0) 278
514
0.54
1 (hemi)
aflM16 (T0) 414
828
0.5
1 (hemi)
aflM17 (T0) 342
660
0.52
1 (hemi)
aflM14 (T4) 1110
1154
0.96
1 (homo)
aflM16 (T4) 666
774
0.86
1 (homo)
The target gene copy number was calculated based on the ratio of number of target bar gene
(phosphinothricin acetyltransferase gene) molecules in the construct compared to maize single
copy reference alcohol dehydrogenase gene (adh1) in the genomic DNA samples.
4.3.6 Crossing the transgene into elite inbred lines resulted in reduced aflatoxin
production in the F1 crosses
In crosses with non-stiff stock elite inbred lines, the resulting kernels of LH210 x
aflM14H (homo) or aflM16H produced significantly less aflatoxin (60-80% reduction) compared
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to those in the kernels of LH210 x aflM14N (null) or aflM16N with P= 0.0056 and P=0.0452,
respectively, under field inoculation conditions (Figure 4.8A). The kernels of PHW79 x aflM14H
(homo) or aflM16H crosses also supported significantly less aflatoxin compared to those in the
kernels of PHW79 x aflM14N (null) or aflM16N with P= 0.0023 and P= 0.02, respectively
(Figure 4.8B). In crosses with stiff stock lines (LH195 and LH197) and under field inoculation
conditions, the resulting kernels of LH195 and LH197 x aflM14H or aflM16H crosses supported
significantly less aflatoxins compared to those in the kernels of LH195 and LH197 x aflM14N
(null) or aflM16N crosses with P values ranging from 0.0001 to 0.0183 (Figure 4.8C, D). In
addition, among the four inbred lines used in the crosses, LH197 appeared to be the most
susceptible one and supported 10 times more aflatoxin production than PHW79, 15 times more
than LH210, and 30 times more than LH195, which is the most resistant one (Figure 4.8).
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Figure 4.8. Aflatoxin production in the crosses of four different elite lines with aflM14
(homozygous and null) or aflM16 (homozygous and null) lines under field inoculation conditions.
At least 8 ears per treatment were collected. Kernels from each half ear were ground and three
subsamples were analyzed for aflatoxin levels using HPLC. Data presented here are the mean and
standard errors of at least 24 replicates of each cross. Bars with the same letter are not
significantly different at P≤0.05. All of the analyses were done using non-transformed raw data
except those from PHW79 x aflM16H and PHW79 x aflM16N, which were log transformed to
reduce sample variation.
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The number of kernels and the average weight per ear of the above crosses were also
analyzed to determine whether the transgene had any negative impact on yield in the crosses or
not. The results showed that the presence of transgene had no significant impact on the mean
kernel weight or the average number of kernels per ear (Table 4.6).
Table 4.6. Seed number and weight of crosses between the four elite inbred lines with aflM14.
Genotype

Number of

Means of number

Pr>F

replications

of kernels per ear *

per ear (g) *

L210 X aflM14

3

356.336A

94.33A

L210 X aflM14null

3

341.54A

LH195 X aflM14

4

452.50A

LH195 X aflM14null

4

403.05A

LH197 X aflM14

4

479.50A

LH197 X aflM14null

5

440.91A

PHW79 X aflM14

3

290.33A

PHW79 X aflM14null

4

300.26A

0.7930

Mean of weight

90.15A

Pr>F

0.8056

104.83A
0.7518

102.42A

0.8616

111.46A
0.8167

105.92A

0.8371

81.76A
0.8450

82.43A

0.8951

*Means of kernel weight and number of kernels per ear were based on the measurement and count
of kernels per ear. Means within the column followed by the same letter were not significantly
different based on Waller–Duncan K-ratio t-test (at P ≤ 0.05).

4.3.7 Detection of high levels gene-specific small RNAs in the transgenic leaf and
kernel tissues
In order to determine whether the enhanced aflatoxin resistance in the homozygous
transgenic kernels compared to the null was due to the presence of aflM specific small RNA
produced from the introduced RNAi vector, small RNAs from T0 and T3 leaf tissues and from T4
kernel tissues were sequenced and analyzed. The total number of reads from the libraries of
aflM14 homo and aflM14 null T3 leaf tissues was about 40 and 30 million (Table 4.7),
respectively, and the total number of reads for B104 was over 62 million. After filtering out the
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reads that were aligned to the maize genome, 3,164 reads from the leaf tissue of aflM14 homo
transgenic plants were specifically aligned to the aflM target gene, whereas only 4 and 1 reads
from the aflM14 null and B104 controls were aligned to the aflM gene (Table 4.7), respectively.
The total number of small RNA reads derived from the immature kernel tissues of T4 generation
aflM14 and aflM16 were 1,532,829 and 1,800,225 (Table 4.7), respectively. Three hundred fiftynine and 197 reads were aflM specific for the aflM14 and aflM16 events, respectively (Table 4.7),
compared to 1 and 2 aflM-specific reads observed for the null aflM14 and null aflM16 controls
(Table 4.7). These results are consistent with data obtained from T0 leaf tissue of alM14 and
aflM16 that were collected in 2013 from greenhouse grown plants (Table 4.7).
Furthermore, the distribution of aflM-specific small RNAs on the target gene was also
examined in aflM14 and aflM16 (Figure 4.9A and C). Based on the small RNA distribution map,
most of the small RNA appeared to be generated from a few hot spots in the 330 bp target
sequence. The results of the small RNA distribution in the target gene were similar for both
events (Figure 4.9A and C). However, the most abundant small RNA in aflM14 was 21 nt in
length, followed by one that was 24 nt long (Figure 4.9B), whereas in aflM16, the most abundant
small RNA was 24 nt in length, followed by one that was 21 nt long (Figure 4.9D).
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Figure 4.9. Small RNA profiling (RNAseq analysis) of aflM target gene in transgene maize leaf
tissue. A and C: Distribution of aflM specific small RNAs isolated from T0 leave tissue of aflM14
(A) and aflM16 (C) aligned to the target gene sequence. B, D: Read length distribution of sRNA
mapped to aflM from leaf tissue of aflM14 (B) and aflM16 (D).
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Table 4.7. Number of small RNA reads in leaf tissues and immature kernel tissues of transgenic and non-transgenic maize lines.
Tissue type*

Leaf tissue (T3)
collected in
2016
Leaf tissue (T0)
collected in
2013

Immature
kernels (T4)
collected in
2017

Events

Total read

Reads aligned
to maize
genome

Reads aligned
to A. flavus >1
times

Reads aligned
to A. flavus 1
time

Reads
aligned to
aflM

aflM14 homo

40,222,099

30,003,837

1,233

5,894

3,164

aflM14 null

30,795,339

29,030,160

17,516

26,750

4

B104 (WT)

62,902,688

61,179,007

5,285

6,236

1

aflM14

1,300,823

834,079

107

2,076

1,372

aflM16

1,254,164

963,063

74

1,706

1,256

aflM11 (null)

1,203,478

869,307

60

1,301

3

aflM14 homo

1,532,829

989,008

86

670

359

aflM14 null

1,552,692

1,111,600

446

86

1

B104 (WT)

1,367,547

796,105

670

732

0

aflM16 homo

1,800,225

1,163,932

88

599

197

aflM16 null

1,588,892

1,294,348

45

321

2

B104 (WT)

1,336,547

769,105

670

732

0

* The small RNA libraries from T3 leaf tissues collected in 2016 were sequenced on Illumina HiSeq 2500 Platform at North Carolina
State University and the small RNA libraries from T0 leaf tissues collected in 2013 and T4 immature kernel tissues collected in 2017
were sequenced on Illumina HiSeq 4000 Platform in 2017 at UC Davis.
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4.4 Discussion
The present study investigated the changes in aflatoxin resistance in transgenic maize
lines containing HIGS construct targeting aflM of A. flavus in two independent events and
found that both homozygous transgenic lines produced significantly less aflatoxins under
repeated field inoculation studies. This enhanced aflatoxin resistance in the transgenic lines
coincides with the presence of high levels of gene- specific small RNAs in their leaf and
kernel tissues. Transferring this gene into elite inbred lines through crossing also led to
enhanced aflatoxin resistance in the resulting F1 crosses containing the transgene. This study
demonstrates that reduction of aflatoxin production through HIGS targeting the A. flavus
aflatoxin biosynthesis pathway genes can be a practical and sustainable approach to manage
aflatoxin contamination in maize and other susceptible crops.
During initial evaluation of different independent transformation events and later
characterization of the progenies of aflM14 and aflM16 events, it was clear that transgenic
lines developed from different events had different efficacy in reducing aflatoxin production.
Homozygous transgenic kernels from the aflM14 event always produced less aflatoxin than
those from the aflM16 event. One possible reason could be the dosage (copy number) effect.
Therefore, real time PCR was first attempted to determine the target aflM gene copy number
using the single copy adh gene as a reference, which suggested that aflM16 could have
multiple copies of the target gene (Table 1). However, due to the well-known varying
accuracy (ranging from 14% to 100%) of real time PCR in gene copy number assessment
(Bubner and Baldwin, 2004) and the apparent contradiction to our number of transgene
integration loci calculation based on chi-square analysis (Supplemental Table 3), the droplet
digital PCR was performed using the same genomic DNA samples, which confirmed both
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events to have a single copy of integration. The accuracy of droplet digital PCR in
comparison to Southern blot analysis in determining gene copy number has been well
established (Głowacka et al., 2016; Collier et al., 2017). Another possible explanation of such
differences is the result of random integration of the T-DNA into the maize genome during
the initial Agrobacterium transformation process. The position of the T-DNA insertion in
chromosome and the chromatin structure of the area surrounding the transgene insertion can
influence transgene expression (Dean et al., 1988; Peach and Velten, 1991; Breyne et al.,
1992). Such a “chromosomal position effect” has been widely reported (Alberts and
Sternglanz, 1990; Kumpatla et al., 1998; Matzke and Matzke, 1998), even though not all
event-to-event variation can be explained by such an effect, according to Petolino and Kumar
(2016).
A 42-76% reduction under field condition and 54.2-95.3% reduction under KSA in
aflatoxin production was observed in the two events compared to the controls, which is
similar to what has been reported in earlier studies in transgenic maize and peanut using
similar approaches (Masanga et al., 2015; Thakare et al., 2017; Sharma et al., 2018).
However, our data were based on much larger sample sizes and on multi-year field studies
with additional laboratory KSA confirmations as well as highly sensitive HPLC analysis of
aflatoxin B1 production.
The intrinsically high variation of aflatoxin production among different maize kernels
of the same line makes evaluating changes in aflatoxin resistance of the HIGS constructcontaining transgenic maize lines a challenge. In order to reduce such variations under field
inoculation conditions and get a true assessment of aflatoxin levels, four different sites per
ear were inoculated with A. flavus, multiple kernels surrounding each inoculation site were
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collected and up to 15 ears per line were inoculated for analysis of toxin production. This
field inoculation study was also conducted over a period of three years to further rule out any
possible impact caused by environmental differences, which have been known to affect
aflatoxin production in maize (Cotty et al., 2007; Fountain et al., 2014). In addition, KSA
was performed to verify the levels of toxin production under more uniform inoculation and
more controlled environmental conditions. The toxin data from both the field and KSAs
showed good agreement among them. To the best of our knowledge, this is the first report
demonstrating the efficacy of HIGS in reducing aflatoxin contamination through both
repeated field and laboratory studies.
Analysis of naturally infected kernels only detected very low levels of aflatoxin in
both transgenic and control kernels, indicating the necessity of performing artificial
inoculations to separate the resistance between transgenic and control line. Our field
inoculations and KSAs subjected the kernels to extremely high inoculum concentrations,
under which the transgenic plants still had significantly less aflatoxin than the controls. The
aflatoxin levels in the inoculated transgenic lines, however, were still much higher than the
20 ppb limit set by FDA (Park and Liang, 1993). These plants are unlikely to encounter such
extremely high inoculum concentration under natural infection conditions. Therefore, it is
reasonable to speculate that the toxin levels in these transgenic lines under natural infection
conditions would be much lower than under artificial inoculation conditions. Field
inoculation studies conducted in 2017 and 2018 also supported the above speculation.
Overall aflatoxin production was much lower in both control and transgenic lines in 2018
when the inoculum concentration was reduced from 4 x 106 in 2016 to 1 x 105 conidia/mL.
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Sequencing of small RNA libraries constructed from T0 and T3 leaf tissues as well as
from T4 kernel tissues confirmed the presence of high levels of gene-specific small RNAs in
the homozygous transgenic leaf and kernel tissues compared to B104 and null controls.
These high levels of gene specific small RNAs can only come from the HIGS RNAi vector
since all the samples used for small RNA sequencing study were from field-grown or
greenhouse (T0 leaf) plants without inoculations, indicating the observed enhanced aflatoxin
resistance in the transgenic lines was due to the small interfering RNAs produced from the
transformed HIGS vector. The RNA sequencing study also revealed that the double 35S
promoter used in the present study drove more gene specific small RNAs expression in the
leaf tissues than in the kernel tissues. Future studies should use a seed-specific and stress- or
infection-inducible promoter to reduce the energy cost and possible yield reduction due to
constant expression of the transgene in the whole transgenic plants.
Several recent studies have reported suppression of fungal diseases through direct
applications of dsRNA (Koch et al., 2016; Wang and Jin, 2017; McLoughlin et al., 2018;
Song et al., 2018). In addition, small RNAs have been reported to be transported locally from
cell to cell through plasmodesmata and over long distances through plant phloem systems
(Liu and Chen, 2018). Therefore, future studies could also examine the feasibility of direct
application of in vitro synthesized dsRNA targeting aflM as a more practical and effective
way of managing aflatoxin contamination in maize and other susceptible crops. Although this
GMO-free RNAi approach is appealing (Dalakouras et al., 2019), one factor that may limit
the direct application of dsRNA as a practical disease control approach is the lack of
sufficient secondary amplification (Song et al., 2018). Successful disease control may require
frequent reapplication of dsRNA to maintain a high level of dsRNA on leaf surface for this to
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work (Song et al., 2018). In comparison with external application of dsRNAs, genetic
transformation to suppress the fungal target genes through HIGS is likely to result in more
consistent presence of high levels of small interfering RNA (siRNA) and to offer a more
sustainable approach in managing aflatoxin contamination in maize and other susceptible
crops.
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CHAPTER 5. GENERAL CONCLUSIONS AND PROSPECTS FOR
FUTURE RESEARCH
The main objective of this dissertation research was to determine whether suppression
of A. flavus genes involved in colonization and aflatoxin biosynthesis through host-induced
gene silencing can be used to mitigate aflatoxin contamination in maize. There are two
research chapters in this dissertation. Chapter 3 focuses on p2c gene which is involved in
fungal colonization and Chapter 4 focuses on aflM, which is involved in the biosynthesis of
aflatoxins in A. flavus.
In Chapter 3, the results show that maize containing the p2c gene can reduce aflatoxin
contamination by more than 60% when compared with maize without the p2c gene in both
laboratory and field conditions over a period of six years. F1 crosses between the p2c
transgenic lines and six commercial elite inbred lines all showed over 70% reduction in
aflatoxin production under field inoculation when compared to those in crosses between elite
lines with null transgenic lines (without p2c gene). We also detected p2c specific small
RNAs in the transgenic leaves and kernel tissue. The present study demonstrated that the
HIGS approach using p2c has a great potential in managing aflatoxin contamination in
maize. However, more investigations are needed such as to demonstrate the correlation
between reduced aflatoxin production in transgenic maize and suppression in fungal biomass
of A. flavus or colonization due to the presence of p2c specific small RNAs.
In Chapter 4, we also demonstrated the enhanced aflatoxin resistance in maize
transgenic lines containing a HIGS construct targeting the aflM of A. flavus in two
independent events and found homozygous transgenic lines from both events produced
significantly less aflatoxins under repeated field inoculation studies. This observed enhanced
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aflatoxin resistance in the transgenic lines coincided with the presence of high levels of genespecific small RNAs in the leaf and kernel tissues of these transgenic lines. Transferring the
aflM gene into four elite inbred lines through crossing also led to enhanced aflatoxin
resistance in all four lines we examined. Reduction of aflatoxin production through HIGS
targeting the A. flavus aflatoxin biosynthesis pathway genes can be another practical
approach to manage aflatoxin contamination in maize and other susceptible crops. Future
studies could compare the expression levels at RNA and protein level of genes upstream of
aflM, such as NOR, and genes downstream of aflM, such as omtA or aflP, to see whether the
reduction of aflatoxin is due to the suppression of aflM gene.
Overall, the HIGS constructs targeting p2c and aflM genes of A. flavus can reduce
aflatoxin contamination in maize. In the future, we can stack these two genes into one line
and evaluate the resistance by comparing it to those with only one transgene. However, the
use of transgenes and genetically modified organisms (GMOs) has considerable public
concerns. So, we could also examine the feasibility of direct application of in vitro
synthesized dsRNA targeting p2c and aflM as a more practical and effective way of
managing aflatoxin contamination in maize and other susceptible crops (Dalakouras et al.,
2019).
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